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(54) Plasma treatment apparatus and method 

(57) A plasma treatment apparatus having the ca- 
pability of uniformly treating an object with plasma at a 
high treatment speed and a plasma treatment method 
are provided. This apparatus comprises a tubular vessel 
having a laterally elongated cross section, a pair of elec- 
trodes arranged such that electric flux lines develop sub- 
stantially in an axial direction of the tubular vessel when 
one of an AC voltage and a pulse voltage is applied be- 



tween the electrodes, a gas supply for supplying a 
streamer generation gas into the tubular vessel, a power 
source for applying the voltage between the electrodes 
to generate plural streamers of the gas in the tubular 
vessel, and a plasma uniform means for making the plu- 
ral streamers uniform in a lateral direction of the laterally 
elongated cross section of the tubular vessel to provide 
the plasma from one end of the tubular vessel. 
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Description 

TECHNICAL FIELD 

5 [0001] The present invention relates to a plasma treatment apparatus for treating an object with plasma made up of 
plural streamers, and plasma treatment method using the plasma, which can be used in various application fields of 
performing surface-cleaning or surface-modification to electronic parts and semiconductor parts, cleaning bonding 
portions of CSP (Chip Size Package) and BGA (Ball Grid Array) to improve bonding strength and adhesion with sealing 
materials, cleaning liquid-crystal panels, improving bonding properties of ACF (Anisotropic Conductive Film) with the 

10 liquid-crystal panels, improving adhesion and printing properties of film-like substrates, resist ashing, reducing and 
removing metal oxides on electrodes to improve bonding properties. 

BACKGROUND ART 

15 [0002J In the past, atmospheric pressure plasma has been used to perform a surface treatment on an object. For 
example, surface treatments for treating an object with a plasma jet generated under atmospheric pressure are dis- 
closed in Japanese Patent Early Publications [KOKAI] Nos. 3-219082, 4-212253, 4-334543, and 6-108257. According 
to these surface treatments, it is possible to accurately treat only a required region on the object with the plasma jet. 
[0003] In addition, methods of efficiently treating a large-area substrate with a wide plasma jet are disclosed in Jap- 

20 anese Patent Early Publications [KOKAI] Nos. 4-358076 and 9-232293. In the former, a pair of electrodes having a 
dielectric layer are arranged in a face-to-face relation such that the dielectric layer is put between the adjacent elec- 
trodes, and glow discharge of a rare gas is stably generated under atmospheric pressure by applying a high-frequency 
electric power between the electrodes. A resultant liner plasma jet is injected on the object. In the latter, a pair of 
. electrodes arc arranged around the perimeter of a flat discharge tube, and a liner plasma jet is injected from one end 

25 of the discharge tube. However, when the plasma jet is spot-injected on an object such as BGA substrates (Ball Grid 
Array) or films having a relatively large surface area to be treated, it is needed to allow the plasma jet to scan throughout 
the surface of the object. In such a case, there is a problem of lowering the treatment efficiency. On the other hand, 
when using the linear plasma of the stable glow discharge for the surface treatment, the treatment efficiency can be 
improved to some extent. However, since a current density of the glow discharge plasma is relatively low, which means 

30 that a density of active species such as radicals and ions in the plasma is low, the treatment speed is not still enough 
to treat the large-area object. 

[0004] By the way, it is generally said that glow discharge is a spatially uniform discharge over time, which has a 
relatively small current density and low emission brightness. As a different discharge from the glow discharge, there 
are streamers, each of which is an unstable filament-like discharge having a relatively larger current density and higher 

35 emission brightness than the glow discharge. Since the high current density of the streamer presents a high density 
of the active species, the streamers have a potential of increasing the treatment speed by a large amount. 
[0005] However, the unstable discharge state of the streamers easily causes considerable variations in treatment 
effects. That is, the treatment speed is much higher at downstream of a generation site of the individual streamer than 
at downstream of a non-generation site thereof in the discharge space. The variations in treatment effects on the object 

•to caused by this difference in the treatment speed are a principal reason for preventing the application of the streamers 
to surface treatment technology. 

[0006] In addition, when active species in plasma discharge generated in a plasma-generation chamber are released 
into the atmosphere, they recombine with nitrogen and oxygen, and most of them become inactive. In this case, as 
the time required for a plasma jet including the active species to reach a surface to be treated of an object increases, 

is and the contact area between the plasma jet and atmospheric gases increases, the active species easily become 
inactive, and the treatment effects brought on the object by the plasma jet lower. Therefore, when the plasma jet has 
a laterally rectangular cross section, variations in treatment effects easily occur because the contact area between 
laterally opposite ends of the plasma jet and the atmospheric gases is larger than the contact area between the center 
thereof and the atmospheric gases. Moreover, when the object has projections or depressions on the surface, the time 

so required for the plasma jet to reach the depressions is longer than the time required for the plasma jet to reach the 
projections, so that variations in treatment effects on the object further increas . This increase in the variations results 
in the deterioration of the performance of the object, e.g., a decrease in bonding reliability. Thus, it is desired to improve 
the uniformity of the plasma tr atment. 

[0007] In view of the above facts, the present invention has achieved success in practical use of a plasma surface 
ss treatment by serving the purpose of improving distribution uniformity of the plural streamers in the discharge space 
and uniformly treating an object with plasma made up of the plural streamers at a high treatm nt speed from the 
viewpoints of apparatus and method. Therefore, a first object of the present invention is to provide the plasma treatm nt 
apparatus for uniformly treating th object with th plasma made up of the plural streamers, which comprises: 
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a tubular vessel made of an electrically-insulating material and having a laterally elongated cross section, which 
has a gas inlet at its one end and a plasma outlet at the other end; 

a pair of electrodes, which are arranged such that electric flux lines develop substantially In an axial direction of 

the tubular vessel when one of an AC voltage and a pulse voltage is applied between the electrodes; 

a gas supply for supplying a streamer generation gas into the tubular vessel though the gas inlet; 

a power source for applying one ol the AC voltage and the pulse voltage between the electrodes to generate the 

plural streamers of the gas in the tubular vessel; and 

a plasma uniform means for making the plural streamers uniform in a lateral direction of the laterally elongated 
cross section of the tubular vessel to provide the plasma from the plasma outlet. 

[0008] It is preferred that the plasma uniform means is provided by (1 ) the tubular vessel formed such that an aperture 
area of the gas inlet is smaller than a cross-sectional area immediately below the gas inlet of the tubular vessel; (2) a 
turbulence generating member disposed in the tubular vessel, which has a shape capable of generating a turbulence 
of the streamer generation gas in the tubular vessel; or (3) the tubular vessel formed such that the laterally elongated 
cross section of the tubular vessel has an inner width of 1 to 5 mm. 

[0009] A second object of the present invention is to provide a plasma treatment method using the plasma made up 
of the plural streamers and having the capability of serving the above purpose. That is, the surlace treatment process 
comprises the following steps of: 

supplying a streamer generation gas into a tubular vessel made of an electrically-insulating material and having 
a laterally elongated cross section, which has a gas inlet at its one end and a plasma outlet at the other end; 
generating plural streamers under atmospheric pressure or a pressure near the atmospheric pressure in the tubular 
vessel by applying one of an AC voltage and a pulse voltage between a pair of electrodes arranged such that 
electric flux lines develop substantially in an axial direction of the tubular vessel; 

distributing the plural streamers uniformly in a lateral direction of the laterally elongated cross section of the tubular 
vessel to obtain plasma in the tubular vessel; and 

treating an object with the plasma provided from the plasma outlet of the tubular vessel. 

[0010] It is preferred that the step of making the plural streamers uniform is performed by (1) supplying the streamer 
generation gas into the tubular vessel such that a flow of the streamer generation gas in the tubular vessel has a 
Reynolds number of 1700 or more under non-discharge condition, or (2) supplying the streamer generation gas into 
the tubular vessel such that a flow velocity of the streamer generation gas in the axial direction of the tubular vessel 
is 5 m/sec or more. 

[001 1 ] A further object of the present invention is to provide a plasma treatment apparatus having a treatment-effect 
uniform means for uniformly carrying out a plasma treatment on the entire surface region to be treated of the object 
by controlling time required for a plasma jet to reach the surface region, in order to obtain uniform treatment effects on 
the object. That is, the plasma treatment apparatus comprises a tubular vessel made of an electrically-insulating ma- 
terial and having a gas inlet at its one end and a plasma outlet at the other end, a pair of electrodes, a gas supply for 
supplying a plasma generation gas into the tubular vessel though the gas inlet, a power source for applying one of an 
AC voltage and a pulse voltage between the electrodes to generate the plasma of the gas in the tubular vessel, and 
the treatment-effect uniform means for facilitating the uniformity of plasma-treatment effects on the object. 
[0012] These and still other objects and advantages will become apparent from the following detail description of 
preferred embodiments and Examples of the invention, referring to the attached drawings, 

BRIEF EXPLANATION OF THE DRAWINGS 

[0013] 

FIG. 1 A is a schematic perspective view of a plasma treatment apparatus according to the present invention, and 
FIG. 1 B is a cross-sectional view of a tubular vessel of the apparatus; 

FIG. 2A is a schematic cross-sectional view showing an arrangement of electrodes for generating plural streamers, 
and FIG. 2B is a schematic cross-sectional view showing an arrangement of electrodes for generating glow dis- 
charge; 

FIG. 3A is a schematic perspective view of another embodiment of the plasma treatment apparatus of the present 
invention, and FIGS. 3B, 3C are partially perspective and partially cross-sectional views of the tubular vessel of 
FIG. 3A, respectively; 

FIG. 4 is a schematic diagram illustrating a flow of a steamer generation gas in the apparatus of FIG. 3; 

FIGS. 5A is a gas-velocity distribution diagram measured at a plasma outlet und r non-discharge condition, and 
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FIG. 5B is a gas-velocity distribution diagram measured at the plasma outlet under discharge condition; 

FIG. 6A is a plane view of the tubular vessel of the apparatus of FIG. 3, and FIG. 6B is a diagram showing a change 

of flow velocity of the plasma generation gas in an axial direction of the tubular vessel; 

FIG. 7 is a schematic perspective view of a plasma treatment apparatus with a turbulence-generating member 
5 according to the present invention; 

FIG. 8 is a graph showing a relation between treatment effects and a distance (irradiation distance) between the 
plasma outlet and an object to be treated; 

FIG 9 is a schematic perspective view of a plasma treatment apparatus with a treatment-effect uniform means 
according to the present invention; 
10 FIG 10 is a schematic perspective view of a plasma treatment apparatus with another treatment-effect uniform 

means according to the present invention; 

FIG. 11 is a schematic perspective view of a plasma treatment apparatus with another treatment-effect uniform 
means according to the present invention; 

FIG. 12 is a gas-velocity distribution diagram measured at a plasma outlet of the apparatus of FIG. 11 ; 
15 fig. 13 is a schematic perspective view of a plasma treatment apparatus with another treatment-effect uniform 

means according to the present invention; 

FIG 14A is a schematic perspective view of a plasma treatment apparatus with a tubular vessel having surface- 
roughened regions as the treatment- effect uniform means with another treatment-effect uniform means according 
lo the present invention, and FIG. 14B is a plan view of the tubular vessel; 

20 FIG 1 5A is a schematic perspective view of a plasma treatment apparatus with a treatment-effect uniform means 

according to the present invention, FIG. 15B is a cross-sectional view of a tubular vessel of the apparatus, and 
FIGS.15C to 15G are cross-sectional views of another tubular vessels of the present invention; 
FIG. 16A is a schematic perspective view of a plasma treatment apparatus with another treatment-effect uniform 
means according to the present invention, and FIG. 16B is a diagram showing a flow of the plasma-generation 

25 gas in a tubular vessel of the apparatus; 

FIG. 1 7A is a schematic perspective view of a plasma treatment apparatus with another treatment-effect uniform 
means according to the present invention, and FIG. 17B is a cross-sectional view of a tubular vessel of the appa- 
ratus; 

FIG 1 8 is a schematic perspective view of a plasma treatment apparatus with a header according to the present 
so invention; 

FIG. 1 9 is a schematic perspective view of a plasma treatment apparatus with a plasma ignition means according 
to the present invention; 

FIG. 20 is a schematic perspective view of a plasma treatment apparatus with another plasma ignition means 
according to the present invention; 
35 FIGS. 21 A to 21J are photographs showing a change in time of discharge state in a case of not making plural 

streamers generated in a tubular vessel uniform; 

FIGS. 22A to 22J are photographs showing a change in time of discharge state in a case of making the plural 
streamers generated in the tubular vessel uniform (present invention); 

FIG. 23 is a schematic perspective view of a plasma treatment apparatus (prior art) used to generate glow discharge 
40 in Comparative Example 1 ; 

FIG. 24 is a schematic perspective view of an object used in Examples 19 to 25; 
FIG. 25 is a schematic perspective view of an object used in Examples 26 to 31 ; and 
FIG. 26 is a waveform diagram of a pulse voltage applied in Example 37. 

-*5 DETAIL EXPLANATION OF THE INVENTION 

[0014] The present invention provides plasma treatment apparatus and method for treating an object with plasma, 
which is obtained by generating plural streamers of a streamer generation gas under atmospheric pressure or a pres- 
sure near the atmospheric pressure in a tubular vessel, and making the plural streamers uniform in a direction per- 

so pendicular to an axial direction of the tubular vessel. 

[0015] A pref rred embodim nt of the plasma treatment apparatus of the present invention is shown in FIG. 1 . This 
apparatus comprises a tubular vessel 1, in which a discharge space is defined, a pair of electrodes 2, 3 arranged 
around the tubular vessel, a gas supply (not shown) for supplying a streamer generation gas into the tubular vess I, 
a power sourc 4 for applying an AC voltage or a pulse voltage between the electrodes to generat plural str amers 

55 j n the tubular vessel, and a plasma uniform means for making the plural streamers uniform in the discharge space. 
[0016] The tubular vessel 1 can be made of an electrically insulating material (dielectric material) having a high 
melting point such as glass-based materials or ceramic materials, e.g., quarts glass, alumina, yttria or zirconium. The 
tubular vessel 1 shown in FIG. 1 A is of a rectangular tubular shape having a gas inlet 10 at its top end and a plasma 
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outlet 12 at its bottom end, and formed with a pair of front and rear walls 13, 14 extending in parallel to each other, 
and a pair of side walls 15 extending in parallel to each other. As shown in FIG.1B, a cross section perpendicular to 
an axial direction of the tubular vessel is a laterally elongated cross section defined by a length L and a width W. In 
FIG. 1B, H S W " designates an inner width of the tubular vessel, which is named a slit width in this specification. In 

5 addition, M S L " designates an inner length (i.e., an opening length in the lateral direction of the lat rally elongated cross 
section) of the tubular vessel, which is named as a slit length In this specification. "H" designates a height ol the tubular 
vessel. An inner space surrounded with the front, rear and side walls 13, 14, 15 of the tubular vessel is used for the 
discharge space 7. The streamer generation gas is introduced from the gas inlet 10 into the tubular vessel 1, and 
injected from the plasma outlet 12. 

io [0017] The electrodes 2, 3 are arranged such that electric flux lines develop substantially in the axial direction of the 
tubular vessel when the AC voltage or the pulse voltage is applied between the electrodes. These electrodes 2, 3 can 
be made of a metal material having good electrical conductivity such as copper, aluminum, brass and stainless steel 
having high corrosion resistance (JIS: SUS 304). Each of the electrodes is of a rectangular ring shape having a rec- 
tangular hole 21 , 31 , into which the tubular vessel 1 can be inserted. It is preferred that the rectangular hole is formed 

'5 to insure a good fit between the tubular vessel 1 and the electrode 2, 3. The discharge space 7 is positioned in the 
inner space of the tubular vessel 1 and between the electrodes 2, 3, In this embodiment, the electrode 2 is electrically 
connected to the power source 4 to work as a high-voltage electrode, and the electrode 3 is grounded to work as a 
low-voltage electrode. 

[0018] It is prelerred that the electrodes 2, 3 are disposed near the plasma outlet 12. Since a distance between the 
?c discharge space 7 and the object 8 is decreased, it is effective to increase the treatment speed. However, as the 
electrodes become excessively close to the plasma outlet 12, arc discharge may be caused between the object 8 and 
the discharge space 7 due to a decreased distance therebetween. Therefore, it is preferred to dispose the electrodes 
2. 3 near the plasma outlet 12 in such a degree that the arc discharge does not occur. In addition, to prevent thermal 
atmagc to the object 8, it is preferred to reduce a temperature of the discharge space by circulating cooling water into 
the oloctrodos 

[0019] By the way : as discharge pass is longer, which is defined by a length of the electric flux line h developed in 
the lubuur vessel by applying the AC voltage or the pulse voltage to the discharge space through the electrodes 2, 3, 
thr» streamers arc easily generated in the tubular vessel. Therefore, as shown in FIG. 2A ; when the electrodes 2, 3 are 
arranged such that one of the electrodes is spaced from the other one in the axial direction of the tubular vessel by a 
required distance D described later, it is possible to provide a long discharge path. On the other hand, as shown in 
FIG 2B when the electrodes are arranged on both sides of the tubular vessel and in parallel to the axial direction of 
the tubular vessel, the discharge path becomes short. In this case, there is a tendency to easily generate glowdischarge. 
[0020] In the present invention, to simultaneously generate the plural streamers in thetubular vessel and continuously 
keep the streamers, it is preferred that the distance D between the electrodes 2, 3 is 2 mm or more. In this case, high 

J* ctrrent-density regions that correspond to generation sites of the streamers and low current-density regions simulta- 
neously occur at plural sites in the discharge space, so that the simultaneous generation of plural streamers is en- 
hanced. When the distance D is less than 2 mm. the number of the streamers may decrease due to a reduction in the 
discharge path. In addition, there is a tendency that spark discharge easily occurs outside of the tubular vessel 1 and 
between the electrodes 2, 3. At this time, it becomes difficult to obtain the streamers in the tubular vessel. To obtain a 

40 larger number of the streamers, it is particularly preferred that the distance D is 5mm or more and less than 20 mm. 
When the distance D is 20 mm or more, it may be difficult to start discharge in the tubular vessel due to an increased 
discharge start voltage. 

[0021] The plasma uniform means of the present invention is to make the plural streamers uniform in the lateral 
direction of the laterally elongated cross section of the tubular vessel, i.e., in a direction of the length (L) shown in FIG. 
1 B. It is prelerred to use at least one of the following features (t) to (3) as the plasma uniform means. 

(1) As the tubular vessel with the plasma uniform means, as shown in FIG. 3, it is preferred to use the tubular 
vessel formed such that an aperture area of the gas inlet 10 is smaller than that of the plasma outlet 12. In this 
case, it is particularly preferred that a center of the gas inlet 10 is on the axis of the tubular vessel 1. 

50 When using the tubular vessel 1 having such an gas inlet 10, the streamer generation gas radially diffuses 

from the gas inlet 10 towards the inner space 9 of the tubular vessel 1 , as shown by the arrows in FIG. 4. At this 
time, vortex flows occur in the tubular vessel. These vortex flows facilitate the radial flow of the streamer discharge 
gas. so that gas-flow constituents that are not parallel to the electric flux line h increase. This provides uniform 
generation of the plural streamers. 

55 In the plasma tr atment apparatus using the tubular vess I shown in FIG. 3, a flow velocity of the streamer 

generation gas measured at a position directly below the plasma outlet 12 under non-discharge condition has a 
flow- velocity distribution shown in FIG. 5A, in which the flow velocity is the fastest at the substantially center 
(plasma outlet center) of the tubular vessel, and gradually decreases towards opposite ends (plasma outlet dge). 
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When the streamer generation gas having the flow-velocity distribution of FIG. 5 A is supplied into the discharge 
space under discharge condition, the flow velocity of the plasma injected from the plasma outlet 12 becomes 
substantially uniform in the lateral direction of the laterally elongated cross section of the tubular vessel, as shown 
in FIG. 5B. That is, during the discharge, a gas pressure in the discharge space increas s due to thermal xpansion 
of the gas. The increase in gas pressure brings increased resistance to gas flow. When the streamer generation 
gas comes into the discharge space, a proportion of gas constituents that flow from the center of the discharge 
space towards inner surfaces of the tubular vessel 1 increases. As a consequence, the flow velocity becomes 
uniform over a wider range in the lateral direction. 

In such a case, to make the plural streamers uniform over the entire region in the lateral direction of the laterally 
elongated cross section of the tubular vessel 1 in the discharge space, it is needed to increase average flow velocity 
of the streamer generation gas and generate the turbulence constituents of the gas in the tubular vessel. In the 
present invention, by using the tubular vessel 1 formed such that the aperture area of the gas inlet 10 is smaller 
than that of the plasma outlet 12, it is possible to easily generate the turbulence constituents of the gas in the 
discharge space without increasing the supply amount of the streamer discharge gas. As a consequence, the 
present invention has achieved success in improving the uniformity of the streamers in the discharge space as 
well as reducing running costs of the plasma treatment apparatus by reducing the amount of the streamer gener- 
ation g§§ eoneumed. 

As the aperture area of the gas inlet 10 is smaller, larger amounts of turbulence of the streamer generation 
gas are generated in the discharge space. However, when the flow velocity of the streamer generation gas exces- 
sively increases at a center portion of the discharge space, the streamers may be blown out at the center portion, 
so that the uniformity of treatment lowers. In addition, as shown in FIGS. 6A and 6B, as the distance between the 
gas inlet 1 0 and the discharge space increases, the influence of turbulence is difficult to reach the discharge space. 
As a result, the flow of the streamer generation gas substantially parallel to the electric flux line h becomes pre- 
dominant, and the effects brought by using the gas inlet having the smaller aperture area than the plasma outlet 
may decrease. Therefore, it is preferred the tubular vessel comprises an aperture-area adjusting means for con- 
trolling the aperture area of at least one of the gas inlet and the plasma outlet to suitably set the ratio of aperture 
area of the gas inlet and the plasma outlet according to plasma treatment conditions such as gas flow rate. 

Concretely, it is preferred that a ratio of a cross sectional area (S.,) immediately below the gas Inlet 10 of the 
tubular vessel 1 and an aperture area (S 2 ) of the gas inlet 10 is within a range of 0.125 ^ S 2 / S 1 ^ 0.75. When 
the above ratio is less than 0.125, the flow velocity of the streamer generation gas excessively increases at the 
gas inlet. In this case, there is a fear that the plasma may be blown out at the center of the discharge space by 
the gas flow, and the uniformity of streamers in the tubular vessel lowers. When the range is more than 0.75 under 
the condition that the flow amount of the streamer generation gas is maintained constant, the flow velocity of the 
gas relatively decreases at the gas inlet, and the vortex flows may not be sufficiently supplied downstream. 

(2) As the plasma uniform means, as shown in FIG. 7, it is also preferred to dispose a turbulence generating 
member in the tubular vessel, which has a shape capable of generating a turbulence of the streamer generation 
gas in the tubular vessel. In FIG. 7, the turbulence generating member 6 having a triangular prism is disposed at 
a substantially center position between the opposite side walls 15 and above the discharge space in the tubular 
vessel 1. In this case, when the streamer generation gas is introduced into the tubular vessel from the gas inlet 
10 under non-discharge condition, vortex flows thereof occur in a space downstream of the turbulence generating 
member 6. These vortex flows provide large amounts of gas flow constituents in random directions as well as the 
direction substantially parallel to the electric flux line h. Under these circumstances, the plural streamers can be 
generated uniformly in the lateral direction of the laterally elongated cross section ot the tubular vessel in the 
discharge space. Therefore, it is possible to uniformly generate plasma in the tubular vessel 1 and stably provide 
the uniform plasma P from the plasma outlet 12. 

The turbulence generating member 6 may be disposed in the discharge space. It is important to dispose the 
turbulence generating member 6 such that the vortex-flow generating region including the turbulence constituents 
of the streamer generation gas partially overlaps with the discharge space. Shapes of the turbulence generating 
member 6 can be optionally designed according to conditions such as a supply amount of the streamer generation 
gas : a cross -sectional shape of the tubular vessel, and unevenness of a surface to be treated of the object, and 
so on. 

(3) As the tubular vessel with the plasma uniform means, it is preferred that a distance between the inn r surfaces 
of the front and rear walls 13, 14 of the tubular vessel 1, i.e., the slit width M S W ", is within a range of 1 to 5 mm. 
That is, when the slit width is within the above range in the plasma treatment apparatus shown' in FIG. 1, it is 
possible to increase an average flow velocity of the streamer generation gas in the discharg spac 7 without 
increasing the supply amount of the streamer generation gas. As a result, larger amounts of the turbulence con- 
stituents can be generated. When the slit width is less than 1 mm, the impedance of th discharge space relatively 
increases due to a decrease in volume of the discharge space. The increase in impedance results in a reduction 
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in effective electric power applied to the discharge space. Therefore, in such a case, the plasma-treatment ffects 
may deteriorate due to a decrease in plasma generation efficiency. On the other hand, when the slit width is more 
than 5 mm, a large supply amount of the streamer generation gas is needed to achieve a high flow velocity thereof 
in the tubular vessel 1. As a result, the cost performance of the plasma surface treatment may be lowered. In 
5 addition, when amounts of electric power applied to the discharge space is kept constant, a power density (an 

electric power per unit volume) of the discharge space 7 decreases as the slit width is wider. Therefore, there is 
a possibility that a sufficient treatment speed is not obtained. Thus, when the slit width "S w ", is within the above 
range, it is possible to efficiently treat the object 8 with the uniform plasma P injected from the plasma outlet 12. 

10 [0022] When the apparatus shown in FIG. 3 has the slit width "S w " of 1 to 5 mm as well as the gas inlet 10 having 
the smaller aperture are than the plasma outlet 12, a synergistic effect of the plasma uniform means can be obtained. 
That is, since the average flow velocity of the streamer generation gas is increased at the gas inlet 10, and the vortex- 
flow generating region is extended in the downstream direction, it is possible to facilitate the supply of the turbulence 
constituents into the discharge space. Similarly, when the apparatus shown in FIG. 7 has the slit width B S w n of 1 to 5 

'5 mm as well as the turbulence generating member 6 disposed in the tubular vessel 1 , a synergistic effect of the plasma 
uniform means can be obtained. In this case, the similar effects described above can be obtained. 
[0023] It Is preferred that the plasma treatment apparatus of the present invention comprises a treatment- effect 
uniform means for facilitating the uniformity of plasma-treatment effects, even when a surface to be treated of the object 
has projections and depressions. For example, in the case of injecting the plasma from the tubular vessel 1 of a typical 

20 rectangular shape (FIG. 1 ) to such an object 8, the time required for the plasma Injected from the plasma outlet 12 to 
reach a projection on the surface is shorter than the time required for the plasma injected from the plasma outlet to 
reach a depression of the surface. Therefore, variations in the plasma reaching time occur with reference to a surface 
shape of the object. Therefore, a purpose of the treatment- effect uniform means of the present invention is to control 
a distribution of the plasma arriving time in the lateral direction of the laterally elongated cross section of the plasma 

25 jet injected from the plasma outlet 12. Concretely, the treatment-effect uniform means has the capability of controlling 
the flow velocity of the plasma jet in the lateral direction, or a distance between the plasma outlet 12 and the surface 
to be treated of the object 8, which is named as an irradiation distance in this specification. 

[0024] As shown in FIG. 8, there is a tendency that the treatment effects decay exponentially with an increase in the 
irradiation distance. On the other hand, in the case of treating the object having electrical conductivity, as the irradiation 
30 distance is smaller, arc discharge may easily occur between the discharge space 7 and the object 8. Therefore, it is 
important to ensure the irradiation distance required to prevent the arc discharge. Thus, to further improve the uniformity 
of the plasma treatment effects, it is needed to select an adequate treatment- effect uniform means with reference to 
the surface shape to be treated and material properties of the object. 

[0025] In the present invention, it is preferred to use one of the following treatment-uniform means (a) to (g) or a 
35 combination thereof. 

(a) It is preferred to use the tubular vessel formed such that a height (H) of the tubular vessel 1 changes in the 
lateral direction of the laterally elongated cross section of the tubular vessel with reference to unevenness (dlUfl) 
of a surface to be treated of the object. 

40 As an example, as shown in FIG. 9, the tubular vessel 1 has a change in height (H), which is larger towards 

lateral opposite ends (H E ) than at the lateral center thereof (H c ). When the plasma P is injected from the plasma 
outlet 12 of this tubular vessel to a flat surface of the object 8, the irradiation distance, i.e., the distance between 
the plasma outlet 12 and the object 8, smoothly decreases towards the lateral opposite ends. In this case, amounts 
of active species attainable to the object's surface are larger at the lateral opposite ends than at the lateral center 
of the tubular vessel. Therefore, even when the plasma P is injected to the flat surface of the object spaced from 
the plasma outlet 12 by an increased irradiation distance, or a surface to be treated of the object 8 has a convex 
shape, as shown in FIG. 9, it is possible to uniformly carry out the plasma treatment on those objects by use of 
this tubular vessel 1. In other words, as compared with the tubular vessel not having the treatment-effect uniform 
means, it is possible to prevent inactivation of the active species at lateral opposite ends of the plasma injected 

50 from the plasma outlet 12, and provide uniform plasma treatment. 

In addition, as shown in FIG. 10, the tubular vessel 1 may be formed to have a change in height (H), which is 
smaller towards lateral opposite ends (H E ) than at the lateral center thereof (H c ). When the plasma P is injected 
from the plasma outlet 12 of this tubular vessel to a flat surface of the object 8, the irradiation distance smoothly 
decreases towards the lateral center of the plasma outlet 12. In this case, amounts of active species attainable to 

55 the object's surface are larger at the lateral center than at the lateral opposite ends of the tubular vessel. Therefore, 

even when the plasma P is injected to the flat surface of the object spaced from the plasma outlet 1 2 by an increased 
irradiation distance, or a surface to be treated of the object 8 has a concave shape, as shown in FIG. 10, it is 
possible to uniformly perform the plasma treatment on those obj cts by use of this tubular vessel 1 . In other words, 
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as compared with the tubular vessel not having the treatment-effect uniform means, it is possible to prevent inac- 
tivation of the active species at lateral center of the plasma injected from the plasma outlet 12, and provide uniform 
plasma treatment. A degree of the height change in the lateral direction of the tubular vessel 1 can be determined 
with reference to the surface shape of the object. 

5 (b) It is preferred to use the tubular vessel 1 having at least two of the gas inlets formed such that the streamer 

generation gas injected from the plasma outlet 12 has a flow velocity distribution determined according to uneven- 
ness of a surface to be treated of the object. 

As an example, as shown in FIG. 11, a pair of gas inlets 1 0 can be formed at a top-end of tubular vessel to 
be symmetric with respect to a center axis of the tubular vessel 1. In this case, a flow velocity of the streamer 

io generation measured directly below the plasma outlet 12 under non-discharge condition has a distribution in the 

lateral direction of the elongated cross section of the tubular vessel, as shown in FIG. 12. It shows that the flow 
velocity is higher at the lateral opposite ends of the plasma outlet than at the lateral center thereof. Therefore, 
when the plasma is injected from the plasma outlet 12 of this tubular vessel to a flat surface of the object 8, the 
time required for the plasma injected from the lateral opposite ends of the plasma outlet to reach the flat surface 

J5 of the object is shorter than the time required for the plasma injected from the lateral center thereof to reach the 

flat surface of the object. As a result, even when the plasma is injected to the flat surface of the object spaced 
from the plasma outlet 12 by an increased irradiation distance, or a surface of the object 8 has a convex shape, 
as shown in FIG. 11 , it is possible to uniformly perform the plasma treatment on those objects by use of this tubular 
vessel 1. The number of gas inlets, the position and aperture area of each of the gas inlets can be determined 

x> according to the surface shape of the object and so on. 

(c) As the tubular vessel 1 with the treatment-effect uniform means, it is preferred to use the tubular vessel formed 
such that a cross-sectional area perpendicular to the axial direction of the tubular vessel changes in the axial 
ejection thereof. 

As an example, FIG. 13 shows the tubular vessel formed with a pair of front and rear walls 13, 14 of an 
isoscdos-trapezoid shape and a pair of side walls 15 of a rectangular shape such that the cross-sectional area 
(slit cress-sectional area) perpendicular to the axial direction of the tubular vessel gradually increases towards the 
plasma outlet 12. In this case, amounts of gas-flow constituents towards the lateral opposite ends of the tubular 
vessel decreases, so that the flow velocity is higher at the lateral center of the plasma outlet 12 than at the lateral 
opposite ends thereof. Therefore, when the plasma P is injected from the plasma outlet 12 of this tubular vessel 

oo to a flat surface of the object 8, the time required for the plasma injected from the lateral center of the plasma outlet 

12 to reach the flat surface of the object is shorter than the time required for the plasma injected from the lateral 
opposite ends thereof to reach the flat surface of the object. As a consequence, even when a surface to be treated 
cf Ihe object 8 has a concave shape, as shown in FIG. 13, it is possible to uniformly perform the plasma treatment 
on such an object by use of this tubular vessel 1 . A magnitude of the flow velocity of the streamer generation gas 

35 injected from the lateral center of the plasma outlet can be adjusted by changing a side-wall inclination angle 

oefmed as an angle between the side wall and the axial direction of the tubular vessel. As the side-wall inclination 
angle increases, the flow velocity is higher at the lateral center of the plasma outlet 12. 

(d) As the tubular vessel with the treatment -effect uniform means, it is preferred to use the tubular vessel having 
a surface-roughened region formed on its inner surface such that the streamer generation gas injected from the 

40 plasma outlet has a flow velocity distribution determined according to unevenness of a surface to be treated of the 

object. 

As an example, FIGS. 14A and 14B show the tubular vessel having the surface-roughened regions 16 each 
having a predetermined horizontal width, which are formed on inner surfaces ot front and rear walls 13, 14 thereof 
to extend from directly below the gas inlet 10 to directly above the plasma outlet 12 by a vertical length. In this 

45 case, since the surface-roughened region 16 works as a resistance to gas flow, the streamer generation gas easily 
flows so as to avoid the surface- roughened region, as shown by the arrows in FIG. 14A. It means that the flow 
velocity is higher at the lateral opposite ends of the plasma outlet than at the lateral center thereof. Therefore, 
when the plasma P is injected from the plasma outlet 12 of this tubular vessel to a flat surface of the object 8, the 
time required for the plasma injected from the lateral opposite ends of the plasma outlet 1 2 to reach the flat surface 

so of the object is shorter than the time required for the plasma injected from the lateral center thereof to reach the 

flat surface of the obj ct. As a consequence, even when the plasma P is injected to the flat surface of the object 
spaced from the plasma outlet 12 by an increased irradiation distance, or a surface to be treated of the object 8 
has a convex shape, as shown in FIG. 14A, it is possible to uniformly perform the plasma tr atm nt on those 
objects by use of this tubular vessel 1. The number, surface area, and position of the surface-roughen d region 

55 16 formed on the inner surface of the tubular vessel can be optionally determined according to the surface shape 

of the object 8. 

(e) As the tubular vessel 1 with the treatment-effect uniform means, it is preferred to use the tubular vess I having 
a cross-sectional shape perpendicular to the axial direction thereof, which is formed such that the streamer gen- 
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eration gas injected from the plasma outlet has a flow velocity distribution det nmined according to unevenness 
of a surface to be treated of the object. 

As an example, FIGS. 1 5A and 1 5B show the tubular vessel 1 formed such that a slit width "S w " of the tubular 
vessel increased from opposite ends in the lateral direction of the laterally elongated cross section of the tubular 

5 vessel toward the center thereof. In this cas , since the streamer generation gas easily flows into a region having 

small resistance to gas flow, the flow velocity is the higher at the lateral center of the plasma outlet 12 having the 
maximum slit width than at the lateral opposite ends having the minimum slit width thereof. Therefore, when the 
plasma is injected from the plasma outlet 1 2 of this tubular vessel to a flat surface of the object 8, the time required 
for the plasma injected from the lateral center of the plasma outlet 12 to reach the flat surface of the object is 

10 shorter than the time required for the plasma injected from the lateral opposite ends thereof to reach the flat surface 

of the object. As a consequence, even when a surface to be treated of the object 8 has a concave shape, as shown 
in FIG. 1 5A, it is possible to uniformly perform the plasma treatment on those objects by use of this tubular vessel 
1 . FIGS .1 5C to 1 5F shows cross-sectional shapes of tubular vessels according to another preferred embodiments 
of the present invention. 

15 (f) As the tubular vessel 1 with the treatment-effect uniform means, it is preferred to use the tubular vessel formed 

with a pair of front and rear walls 1 3, 1 4 of an isosceles-trapezoid shape and a pair of side walls 1 5 of a rectangular 
shape, so that a cross-sectional area perpendicular to the axial direction of the tubular vessel gradually decreases 
towards the plasma outlet 12, and an angle defined between the axial direction of the tubular vessel and the side 
wall is within a range of 2 to 30 degrees. 

?o a preferred embodiment of this tubular vessel 1 is shown in FIG. 16A. In this case, the streamer generation 

gas radially flows downstream from the gas inlet 1 0, as shown by the arrows in FIG. 1 6B. The gas flow constituents 
flowing towards the plasma outlet 12 along the inner surfaces of the side walls 15 are focused under the influence 
of the angle of inclination of the side wall. It means that the flow velocity is the higher at the lateral opposite ends 
of the plasma outlet 12 than at the lateral center thereof. Therefore, when the plasma is injected from the plasma 
outlet 12 of this tubular vessel to a flat surface of the object 8, the time required for the plasma injected from the 
lateral opposite ends of the plasma outlet 12 to reach the flat surface of the object is shorter than the time required 
for the plasma injected from the lateral center thereof to reach the flat surface of the object. As a consequence, 
even when the plasma is injected to the flat surface of the object spaced from the plasma outlet 12 by an increased 
irradiation distance, or a surface to be treated of the object 8 has a convex shape, as shown in FIG. 16A ; it is 

30 possible to uniformly perform the plasma treatment on those objects by use of this tubular vessel 1. 

The flow-velocity distribution of the plasma jet in the lateral direction of the laterally elongated cross section 
of the tubular vessel can be controlled by changing the angle 6 of inclination of the side wall 15, as shown in FIG. 
16B. As described above, to increase the flow velocity at the lateral opposite ends of the plasma outlet 12. it is 
preferred to set the angle 6 within the range of 2 to 30 degrees. When the angle e is less than 2 degrees, the effect 

35 of focusing the gas-flow constituents flowing along the inner surfaces of the side walls 15 may decrease, so that 

a sufficient flow velocity can not be obtained at the lateral opposite ends of the plasma outlet 12. On the other 
hand, when the angle 8 is more than 30 degrees, the volume of the discharge space 7 increases. Therefore, it is 
necessary to increase the supply amount of the streamer generation gas. This will bring about an increase in 
running cost of the plasma treatment. From this viewpoint, it is preferred to use the angle 6 of 30 degrees or less. 

40 The tubular vessel 1 of this embodiment presents an additional advantage of preventing the occurrence of arc 

discharge between the plasma jet and the object 8. Therefore, when performing the plasma treatment to the object 
made of an electrically conductive material, it is particularly preferred to use this tubular vessel. The arc discharge 
easily develops when there is a surface discharge having high brightness in the tubular vessel. A mechanism for 
the surface discharge has not been sufficiently elucidated yet. In the case of using the tubular vessel 1 shown in 

45 FIG 16A, the streamer generation gas radially diffuses from the gas inlet 10 into the tubular vessel 1. When a gas- 

flow constituent reaches the inner surface of the side wall 15, the gas-flow direction makes an angle a with the 
inner surface of the side wall (inclined wall). As easily understood from FIG. 16B, the angle a is larger than an 
angle p defined between the gas-flow direction and a side wall (vertical wall) of the tubular vessel of a typical 
rectangular shape, as shown by the dotted lines in FIG. 14B. As a result, a velocity boundary layer appeared on 

50 a polar surface of the side wall 15 becomes thin, so that active species, particularly ions generated at the polar 

surface easily flow outside the velocity boundary layer. In addition, since the velocity boundary layer is thin, the 
side wall 15 is easily hcat-cxchangcd by the gas-flow having a relatively high speed flowing outside the velocity 
boundary layer. Therefore, it is believed that the surface discharge is difficult to generate in the tubular vessel 
shown in FIG. 16A because of the reduction in ion density in the velocity boundary layer and the cooling of the 

55 side wall 15 by the heat exchange, and consequently the occurrence of arc discharge can be effectively prevented. 

(g) As the tubular vessel 1 with the treatment-effect uniform means, it is preferred that a laterally elongated cross 
section of the tubular vessel has width, which is wider towards lateral opposite ends than at the center thereof, 
and a ratio of a center width (S wc ) and an end width (S WE ) is 0.8 ^ S WC /S WE < 1 . 
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[0026] FIGS. 17A and 17B show a preferred embodiment of this tubular vessel. In this case, since the streamer 
generation gas easily flows into a region having small resistance to gas flow in the tubular vessel, the flow velocity is 
the higher at the lateral opposite ends of the plasma outlet 12 than at the lateral center thereof. Therefore, when the 
plasma is injected from the plasma outlet 1 2 of this tubular vessel to a flat surface of the object 8, the time required for 

5 the plasma injected from the lateral opposite ends of the plasma outlet 12 to reach the flat surface of the object is 
shorter than the time required for the plasma injected from the lateral center thereof to reach the flat surface of the 
object. As a consequence, even when the plasma is injected to the flat surface of the object spaced from the plasma 
outlet 12 by an increased irradiation distance, or a surface to be treated of the object 8 has a convex shape, as shown 
in FIG. 17A, it is possible to uniformly perform the plasma treatment on those objects by use of this tubular vessel 1 . 

10 [0027] Thus, the treatment-effect uniform means described above is effective to facilitate the uniformity of the plasma 
treatment effects on the object, and also available to another plasma treatment apparatus having the capability of 
treating the object with the plasma jet injected from a plasma generation chamber other than the plasma treatment 
apparatus of the present invention, regardless of kinds of plasma generating means and conditions. 
[0028] By the way, when the turbulence generating member 6 explained above as the plasma uniform means is 

'5 placed at an adequate position in the tubular vessel 1, it can also work as the treatment-effect uniform means. That 
is, when the turbulence generating member 6 is placed at a substantially center position between the opposite side 
walls 15 and between the gas inlet 10 and the discharge space 7 in the tubular vessel 1, as shown in FIG. 7, the flow 
velocity is the higher at the lateral opposite ends of the plasma outlet 12 than at the lateral center thereof. Therefore, 
the time required for the plasma injected from the lateral opposite ends of the plasma outlet 12 to reach a flat surface 

20 of the object is shorter than the time required for the plasma injected from the lateral center thereof to reach the flat 
surface of the object. As a result, even when a surface to be treated of the object 8 has a convex shape, as shown in 
FIG. 7, it is possible to uniformly perform the plasma treatment on those objects by use of this tubular vessel 1. 
[0029] It is preferred that the plasma treatment apparatus of the present invention comprises a header 50 detachably 
attached to a top end having the gas inlet 10 of the tubular vessel 1. That is, as shown in FIG. 18, the header 50 is 

25 mainly composed of a cylindrical portion 51 having a gas introduction pipe 53 at its top end and a focusing portion 52 
for coupling between the cylindrical portion 51 and the gas inlet 10 and providing a focused gas flow into the tubular 
vessel 1 through the gas inlet 10. The header 50 may be integrally formed with the tubular vessel 1. 
[0030] In the case of using the header 50, the streamer generation gas is supplied into the header through the gas 
introduction pipe 52, and then sent from the header into the tubular vessel through the gas inlet. In this case, since the 

30 flow of the streamer generation gas is rectified prior to the introduction of the streamer generation gas into the tubular 
vessel 1 , it is effective to provide a stable flow of the streamer generation gas into the tubular vessel such that the flow 
velocity distribution of the streamer generation gas is symmetric with respect to the axial line of the tubular vessel. This 
brings about a further improvement for the uniformity of the plasma treatment effects. 

[0031] The header 50 is not limited to the shape shown in FIG. 1 8. The header may be formed in such a structure 
35 that an undesired flow-velocity distribution of the streamer generation gas does not occur prior to the introduction 
thereof into the gas inlet 10, and a reduction in flow velocity of the streamer generation gas in the vicinity of the gas 
inlet can be prevented. If necessary, the header is available to each of the plasma treatment apparatuses explained 
above referring to the attached drawings. 

[0032] It is also preferred that the plasma treatment apparatus of the present invention comprises a plasma ignition 
to means for starting the generation of plural streamers in the tubular vessel. In a plasma treatment apparatus using 
plasma generated under atmospheric pressure or a pressure near the atmospheric pressure, it is needed to start the 
plasma by applying a relatively large voltage (about 1 kV or more) to the discharge space 7 through the electrodes. In 
addition . since a high frequency, e.g. , 1 3.56 MHz is used as the frequency of the electric power applied to the discharge 
space, impedance matching between the power source 4 and the discharge space 7 (plasma generation region) is 
4 $ needed. Therefore, when a high voltage is applied to the electrode 2 to start the plasma treatment apparatus, arc 
discharge may be caused in a variable capacitor in an impedance matching device. In such a case, there is a possibility 
that the plasma treatment apparatus can not be started with quick response. 

[0033] In the present invention, it is preferred to a high-voltage pulse generator 60 as the plasma ignition means, 
which is disposed in the vicinity of the plasma outlet 12. The generator 60 comprises a high-voltage pulse generating 

50 circuit built therein and an emitting electrode 61 for emitting a high-voltage pulse generated by the generating circuit. 
The emitting electrode 61 can be made of the same metal material as the electrodes 2, 3, and has a sharp-pointed 
end for enhancing the emission of the high-voltage pulse. In addition, it is preferred that the plasma ignition means 
eempri§§§ a traveling unit (not ghown) for allowing the emitting electrode 61 to travel between a working position where 
the sharp-pointed end of th emitting electrode is positioned dir ctly below (downstream) th plasma outlet 12 and a 

55 rest position where the emitting lectrode is spaced from the working position. For example, an air cylinder can be 
used as the traveling unit. 

[0034] To start the plasma, the emitting electrode 61 is trav I d to the working position, and then the high-voltage 
pulse is emitted from the emitting electrode under conditions that the streamer generation gas is introduced into the 
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tubular vessel and the AC voltage or the pulse voltage is applied to the discharge space 7. After the plasma is started, 
the emitting electrode 61 is removed from the working position to carry out the plasma treatment. A magnitude of the 
high-voltage pulse can be determined with reference to the kind of streamer generation gas. For example, it is preferred 
that the magnitude of the high-voltage pulse is three times or more of the magnitude of the voltage applied to the 

5 electrode 2 by use of the power source 4. A generation time of the high-voltage pulse can be optionally selected. Thus, 
by using the high-voltage pulse generator 60 as the plasma ignition means, it is possible to start the plasma with 
reliability and quick response, while preventing the arc discharge caused by applying the high voltage to the electrode 2. 
[0035J As shown in FIG. 20, it is also preferred to use a light source 70, e.g., UV lamps as the plasma ignition means. 
The light source 70 provides an energy light such as ultraviolet light having the capability of starting the plasma in the 

10 discharge space 7. In this embodiment, the light source 70 is formed in a cylindrical shape and disposed at a position 
adjacent to the electrode 2, 3 horizontally in the lateral direction of the elongated cross section of the tubular vessel 1 
and, as shown in FIG 20. Therefore, to thereby start the plasma, the energy light is irradiated to the discharge space 
7 in the tubular vessel 1 through a clearance between the electrodes 2, 3 under conditions that the streamer generation 
gas is introduced into the tubular vessel and the AC voltage or the pulse voltage is applied to the discharge space 7. 

1 ? [0036] Next, a plasma treatment method of the present invention is explained below in detail. It is needless to say 
that the above-described plasma treatment apparatus is preferably used to perform the plasma treatment method. 
However, the plasma treatment method does not necessarily require the use of the apparatus of the present invention.. 
That is, when the plasma treatment apparatus at least has a tubular vessel in which a discharge space is defined, a 
pair of electrodes, gas supply unit for supplying the streamer generation gas, and a power source for applying a high- 

20 frequency voltage between the electrodes to generate plural streamers in the tubular vessel, it is possible to uniformly 
treat the object with plasma made up of the plural streamers with a high treatment speed according to the following 
method. 

[0037] First, the streamer generation gas is supplied into the tubular vessel 1 . As described above, the tubular vessel 

1 is made of the electrically-insulating material and having the laterally elongated cross section, which has the gas 
^5 inlet 10 at its one end and the plasma outlet 12 at the other end. 

[0038] As the streamer generation gas, it Is preferred to use a rare-gas containing gas. As the rare gas, it Is possible 
to use argon, helium, neon, krypton or a mixture thereof. In particular, it is preferred to use argon or a mixture gas of 
argon and helium. Argon has an advantage that argon atoms can be more easily ionized as compared with helium 
atoms. When using the streamer generation gas containing argon as the main component, it is effective to increase 
30 generation amounts of the streamers and improve the treatment speed. In addition, it is preferred to use argon as the 
main component from the viewpoint of cost performance of the plasma treatment method. 

[0039] It is preferred that the argon content in the streamer generation gas is 30 vol% or more, and more preferably 
50 vol % or more. When the argon content is 30 vol% or more, it is possible to achieve simultaneous generation of the 
plural streamers with reliability. The present invention does not ban the use of the streamer generation gas consisting 
35 of argon. However, it is not recommended because a probability of occurrence of the arc discharge increases. The arc 
discharge causes serious damages to the object. In such a case, it is recommended to use a mixture gas of argon and 
a small amount of another rare gas. In particular, it is preferred to use a mixture gas of argon and a small amount of 
helium. The use of this mixture gas is particularly effective to treat the object having electrical conductivity with the 
plasma. Concretely, it is preferred that the helium content in plasma-generation gas is 3 vol% or more. When the helium 
•*o content is less than 3 vol%, the effect of preventing the arc discharge may not be sufficiently obtained. The occurrence 
of arc discharge can be prevented by increasing a distance between the object 8 and the tubular vessel 1 , or lowering 
the electric power applied to the discharge space 7. However, these bring about a considerable reduction in the treat- 
ment speed. Therefore, the use of the plasma-generation gas containing 3 vol% or more of helium is useful to prevent 
the occurrence of arc discharge without lowering the treatment speed. From the viewpoint of the simultaneous gener- 
is ation of larger amounts of the streamers, it is preferred to set the upper limit of the helium content to 50 vol%. 

[0040] In addition, as the streamer generation gas, a mixture gas of the rare gas and at least one reactive gas may 
be used with reference to the treatment purpose. For example, in the case of removing foreign substances such as 
organic substances from objects to be treated, stripping resist films, or performing surface modification to organic films, 
it is possible to use an oxidative gas such as oxygen, air, C0 2 and N 2 0 as the reactive gas. To efficiently carry out the 
50 plasma treatment, it is preferred that a content of the oxidative gas in the streamer generation gas is 1 vol% or more 
by oxygen conversion. On the other hand, the upper limit of the oxidative-gas content is not limited. However, for 
example, it is possible to set the upper limit of the oxidative-gas content to 1 0 vol% from the viewpoint of the simulta- 
neous generation of larger amounts of the streamers. That is, when the streamer generation gas excessively contain 
the oxidative gas such as oxygen, there is a possibility that the stability of plasma lowers and at worst the plasma 
55 disappears. That is because oxygen easily becomes negative ions such as O" and 0 2 ~, and a reaction of 0 2 * + Ar+ 

0 2 + Ar happens. 

[0041 ] On the other hand, in the case of reducing metal oxides contained in the object, it is possible to use a reduction 
gas such as hydrogen as the reactive gas. In this case, it is preferred that a content of the reduction gas in the streamer 
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generation gas is 1 vol% or more to facilitate the reduction treatment. The upper limit of the reduction - gas content is 
not limited. However, for example, it is possible to set th upper limit of the reduction-gas content to 1 0 vol% for safety. 
In addition even when using the streamer generation gas excessively containing the reduction gas, the reduction 
effects are saturated 

5 [0042] Next, the plural streamers of the streamer generation gas are generated under atmospheric pressure or a 
pressure near the atmospheric pressure, e.g., 93.3 to 1 06.7 KPa (= 700 to 800 Torr), in the tubular vessel by applying 
the AC voltage or the pulse voltage between a pair of electrodes arranged such that electric flux lines develop sub- 
stantially in the axial direction of the tubular vessel. 

[0043] In the case of using the AC power source, it is preferred that a frequency of the AC voltage applied to the 
10 discharge space 7 is within a range of 1 kHz to 200 MHz. When the frequency is less than 1 kHz, the treatment efficiency 
gradually decreases due to a reduction in discharge stability. When the frequency is more than 200 MHz, the lifetime 
of the tubular vessel 1 or the electrodes 2, 3 may reduce due to an increase in plasma temperature. In addition, there 
is a possibility that the object receives thermal damages. 

[0044] In the case of using a pulse power source, it is preferred that a frequency of the pulse voltage applied to the 
15 discharge space is within a range ot 0.5 kHz to 200 MHz, and more preferably 1 kHz to 200 kHz. When the frequency 
is not within the above range, the same inconvenience described in case of using the AC power source may occur. In 
addition, it is preferred that a rise time of the pulse voltage is 100 jisec or less. When the rise time is more than 100 
jisec ; it may be difficult to obtain a sufficient plasma density in the discharge space, In this case, the efficiency of the 
plasma treatment lowers. The lower limit of the rise time is not particularly limited. Under the current circumstances, 
?o about 40 nsec (nanosecond) may be used as the lower limit of the rise time. If a rise time shorter than 40 nsec is 
realized, it is preferred to use the rise time shorter than 40 nsec. It is also preferred that a pulse electric field strength 
is within a range of 1 to 150 kV/cm. 

[0045] In addition, it is preferred that an electric-power density (= applied electric power / volume of discharge space; 
W/cm 3 ) applied to the discharge space 7 is within a range of 20 to 3500 W/cm 3 . As the electric-power density is less 
than 20 W/cm 3 , it may be difficult to achieve the simultaneous generation of large amounts of the streamers. As the 
electric-power density is more than 3500 W/cm 3 , the stability of discharge may lower. 

[0046] Next, the plural streamers are made uniform in the lateral direction of the laterally elongated cross section of 
the tubular vessel to obtain plasma in the tubular vessel. 

[0047] As a consequence of research and development eagerly conducted by the inventors of the present invention, 
30 jt has been found that the plural streamers can be uniformly distributed in the lateral direction when the streamer 
generation gas is supplied into the tubular vessel such that a flow of the streamer generation gas in the tubular vessel 
has Reynolds number (Re) of 1 700 or more under non-discharge condition. In this case, each of the streamers does 
not remain at its generation site for an extended time period. In other words, as explained later in detail, the generation 
site of each of the streamers changes in the lateral direction without cessation, so that the plasma made up of the 
plural streamers becomes uniform as whole. 

[0048] Reynolds number (Re) represents a non-dimensional parameter indicative of fluid, which is expressed by the 
following equation (1): 



4Q Rc = uD/v = p uD/u, 

wherein " p " is a density of the streamer generation gas; 

V is an average speed of the streamer generation gas at an upper end portion of the discharge space under non 
discharge condition which is given by dividing a gas flow amount "Q" supplied into the discharge space by a cross- 
es sectional area "S" at the upper-end portion of the discharge space; 

T>" is an upper-end width of the discharge space; 

"v" is a coefficient of kinematic viscosity of the streamer generation gas; and 

V is a coefficient of viscosity of the streamer generation gas. 

so [0049] Therefore, under a constant the slit width of the tubular vessel, Reynolds number increases as the average 
speed V increases, or the coefficient of kinematic viscosity " v " decreases. When the Reynolds number (R ) is 1 700 
or more, large amounts of the turbulence constituents of the streamer generation gas are gencrat d in the tubular 
vessel to improve the distribution uniformity of the streamers. 

[0050] To obtain the Reynolds number of 1700 or more, for example, it is preferred to supply the streamer generation 
55 gas into the tubular vessel such that a flow velocity of the streamer generation gas in the axial direction of the tubular 
vessel is 5 m/sec. or more. In this case, even when the argon content in the streamer generation gas is high, i.e., the 
coefficient of kinematic viscosity is a large value, the turbulence constituents can be easily generated The upper limit 
of the flow velocity is not limited. However for example, it is possible to set the upper limit of the flow velocity to 40 m/ 
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sec from the viewpoint of the stability of the plasma generated. 

[0051] To foster better understanding of the present invention, it is useful to discuss comparisons of the presence 
or absence of the plasma uniform step of making the plural streamers uniform in the lateral direction. FIGS. 21 A to 
21J are photographs of the plural streamers generated in the tubular vessel without the plasma uniform step, which 

5 were successively taken every 1/30 seconds from the clearance between the electrodes 2, 3. 

[0052] In this case, streamer generating regions having high brightness are clearly distinguished from streamer non- 
generating regions, each of which is a dark region between adjacent streamer generating regions. The plural streamers 
are not made uniform in the lateral direction (horizontal direction in FIGS. 21 A to 21 J), in addition, the nonuniform 
distribution of the streamers does not change virtually with time, as shown in these photographs. It is believed that this 

10 is because of the following reason. That is, when the streamers are generated in parallel with the electric flux lines in 
the tubular vessel made of the dielectric material, a surface temperature of the dielectric material (the inner surface of 
the tubular vessel) facing the streamers increases, so that secondary electrons are easily emitted from the dielectric 
material. Therefore, the growth of the respective streamer is enhanced by the help of the emitted secondary electrons. 
At this time, when the streamer generation gas flows in only a direction substantially parallel to the electric flux lines 

'5 without the presence of the gas-flow constituents in different directions, an electron avalanche happens only in the 
vicinity of the already-generated streamer. Therefore, the distribution of the generation sites of the streamers and the 
non-generation sites thereof is stably maintained with time, and each of the streamers stands still at the generation site. 
[0053] When using plasma made up of the plural streamers having the nonuniform distribution thereof for the plasma 
surface treatment, surface regions of the object placed directly below the streamer generation sites are treated with a 

20 high treatment speed. However, the treatment effects are virtually obtained on surface regions of the object placed 
directly below the streamer non-generation sites. As a consequence, considerable variations in treatment effects in 
the lateral direction of the tubular vessel occur. Such a treatment does not reach a state of practicability. 
[0054] On the other hand, FIGS. 22A to 22J are photographs of the plural streamers generated in the tubular vessel 
by carrying out tho plasma un iform step, which were successively taken every 1 /30 seconds at the same camera angle 

25 as the above. As shown in these photographs, the generation amounts of streamers are increased, so that a difference 
between the streamer generation site and the streamer non-generation site becomes very small. As compared with 
the above case, the distribution uniformity of the plural streamers in the lateral direction (horizontal direction in FIGS. 
22A to 22J) is remarkably improved. In other words, by carrying out the plasma uniform step of the present invention 
and/or using the plasma treatment apparatus having the plasma uniform means of the present invention, the generation 

30 and extinction of the streamers can be induced in the discharge space by an extremely short time scale, so that the 
distribution of plural streamers in the lateral direction is made uniform as whole. For example, the generation and 
extinction of 6 or 7 streamers are repeated by a time scale between several hundreds u,sec and several msec. Since 
positions of bright lines of the streamers successively vary with time, the streamers are a spatially uniform, stable 
discharge in the long time scale. 

35 [0055] In addition, a mechanism for making the streamers uniform in the lateral is discussed. As described above, 
when the turbulence constituents of the streamer generation gas generated in the tubular vessel overlap with at least 
a part of the discharge space, it is possible to obtain the effect of making the streamers uniform in the lateral direction. 
When the turbulence constituents reach the discharge space : the gas-flow constituents having random directions other 
than the direction substantially parallel to the electric flux lines appear in the discharge space. By help of those gas- 

J0 flow constituents, generated active species , particularly ions can freely move n the discharge space. As a consequence, 
the electron avalanche randomly happens in the discharge space. Therefore, strictly speaking, the distribution of the 
streamer generation sites in the lateral direction changes with cessation, and most of the streamers do not stand at 
the same generation sites for an extended time period. This brings about the uniformity of plasma In the lateral direction 
as whole. 

45 [0056] When using plasma made up of the plural streamers having the uniform distribution thereof for the plasma 
surface treatment, a surface region of the object placed directly below the plasma are uniformly treated with a higher 
treatment speed as compared with the case of using glow discharge. Thus, since variations in treatment effects in the 
lateral direction are much reduced, while the high treatment speed being maintained, the plasma treatment apparatus 
and method the present invention reach a state of practicability. 

so [0057] Next, the object is treated with the plasma having a curtain-like shape provided from the plasma outlet of the 
tubular vessel. 

[0058] In this step, it is preferred that the object is horizontally moved in a transferring direction perpendicular to the 
lateral direction of the elongated cross section of the tubular vessel, while the plasma being injected to the object from 
the plasma outlet. Alternatively, the tubular vessel may be moved horizontally, while injecting the plasma. In addition, 
55 when a reciprocating motion of the object or the plasma treatment apparatus in a direction perpendicular to the trans- 
ferring direction is provided, the injection of the plasma to the object is repeated, so that the uniformity of the plasma 
surface treatment can be further facilitated. Moreover, when the object has a size larger than the length (L) of the 
tubular vessel it is preferred to move the object such that the plasma is uniformly injected to the entire surface of the 
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object with use of an object traveling means such as robots. Additionally, when moving the object or the plasma treat- 
ment apparatus in the lateral direction of the tubular vessel, it is possible to selectively treat a straight-line region on 
the object. In this case, since the plasma irradiation time increases, the treatment effects will be significantly improved. 

5 EXAMPLES 

[0059] The followings are preferred examples of the present invention. In Examples 1 to 18 and Comparative Example 
1, a silicon wafer having a negative-type resist film of 1-u.m thickness thereon was used as an object. In addition, 
plasma treatments were successively performed by transferring the object in a horizontal direction at the speed of 10 
10 mm/sec under the condition that a distance between the plasma outlet and the object is 5 mm. As evaluations, discharge 
state was observed during the plasma treatment. In addition, after the plasma treatment, a measurement of etching 
depth of the resist film was carried out to calculate the mean value of etching depth. # 

EXAMPLES 1 and COMPARATIVE EXAMPLE 1 

15 

[0060] In Example 1, the plasma treatment apparatus of FIG. 1 having the header 50 shown in FIG. 1 8 was used. 
The tubular vessel 1 is of a rectangular shape and made of quartz glass of 1 mm thickness. Slit width, slit length and 
height of the tubular vessel 1 are 1 mm, 40 mm, and 80 mm, respectively. A distance between the pair of electrodes 
2, 3 is 5 mm. Each of the electrodes 2, 3 is made of copper, and has gold-plating layers on its outer surface. In addition, 

20 the electrode 2, 3 has a hollow structure, in which a channel for cooling water is formed. Therefore, the cooling water 
was circulated through the channel during the plasma treatment to prevent an excessive increase in temperature of 
the discharge space 7. The electrode 2 is connected to the power source 4. The electrode 3 is grounded. 
[0061] In Comparative Example 1 , a conventional plasma treatment apparatus using glow discharge was used. That 
is, as shown in FIG. 23, the apparatus is substantially the same as the apparatus shown in FIG. 1 other than that a 

25 pair electrodes 2, 3 are arranged such that the tubular vessel 1 is sandwiched between the electrodes. 

[0062] Plasma made up of plural streamers was generated by supplying a mixture gas of 12 liter/min of helium and 
0.4 liter/min of oxygen as the streamer generation gas into the tubular vessel under atmospheric pressure, and applying 
an AC voltage (frequency : 13.56 MHz, applied electric power: 1000 W) to the discharge space 7. The object was 
treated with the plasma having a curtain-like shape injected from the plasma outlet 12. In Example 1, to make the 

30 streamers uniform, the streamer generation gas was supplied into the tubular vessel 1 such that a flow velocity of the 
streamer generation gas in the axial direction of the tubular vessel is 5 m/sec or more (calculated value: 5. 1 7 m/sec), 
and the tubular vessel 1 having the slit width of 1 mm was used as the plasma uniform means. 
[0063] As shown in the Table. 1 , when performing the plasma treatment of Example 1 , plural streamers were uniformly 
generated in the lateral direction of the laterally elongated cross section of the tubular vessel in the discharge space. 

35 in Comparative Example, glow discharge was generated in the tubular vessel. In addition the mean value of etching 
depth of Example 1 is much larger than that of Comparative Example 1 . This means that the plasma treatment using 
the streamers of Example 1 can efficiently treat the object with the high treatment speed as compared with the plasma 
treatment using the glow discharge. 

40 Table 1 





Mean value of etching depth (A) 


Discharge state 


Example 1 


100 


The plasma was a mixture of plural streamers and 
glow discharge. 


Comparative Example 1 


35 


Only glow discharge was generated. 



EXAMPLES 2 to 5 



[0064] A plasma treatment apparatus used in these Examples is substantially same as the apparatus used in Example 
1 other than that the slit width, slit length and height of the tubular vessel 1 is 1 mm, 56 mm, and 80 mm, respectively, 
and the aperture width and length of the gas inlet 10 of the tubular vessel are 1 mm and 16 mm, respectively, as shown 
in FIG. 3. 

[0065] Plasma made up of plural streamers was generated by supplying a mixture gas of 12 liter/min of a rare gas 
and 0.4 liter/min of oxygen as the streamer generation gas into the tubular vessel under atmospheric pressure, and 
applying an AC voltage (frequency: 13.56 MHz, applied electric power: 700 W) to the discharge space 7. As the rare 
gas, only argon was used in Example 2, and mixtur s of argon and helium having different compositions w re used 
in Examples 3 to 5, as shown in Table 2. The object 8 was treated with the plasma having a curtain-like shape injected 
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from the plasma outlet 12. In these Examples, to make the streamers uniform, the tubular vessel having the slit width 
of 1 mm and the gas inlet 10, which has an aperture area (16 mm 2 ) smaller than the cross-sectional area (56 mm 2 ) 
immediately below the gas inlet of the tubular vessel, was used as the plasma uniform means. 
[0066] As shown in Table 2, as the argon content in the streamer generation gas increases, there was a tendency 
that the treatment speed increases. This is because the generation amounts of the streamers increase in proportion 
to the argon content. Thus, there is a direct correlation between the generation amounts of the streamers and the 
etching treatment effects. In addition, as the argon content increases, the uniformity of etching treatment was improved. 



Table 2 





Ar/(Ar+He) (vol%) 


Mean value of etching depth (A) 


Discharge state 

(1) Streamer generation amounts 

(2) Uniformity of Plasma 


Example 2 


100 


700 


(1) Large (2) Good 


Example 3 


90 


600 


(1) Large (2) Good 


Example 4 


50 


380 


(1) Medium (2) Good 


Example 5 


10 


50 


(1) Small (2) Good 



20 EXAMPLES 6 to 8 

(0067] A plasma treatment apparatus used in these Examples is substantially the same as the apparatus used in 
Example 1 other than the following features. That is, the slit width, slit length and the height of the tubular vessel 1 is 
1 mm, 56 mm, and 80 mm, respectively. The aperture width and length of the gas inlet 10 of the tubular vessel are 1 
25 mm and 16 mm, respectively, as shown in FIG. 3. In each of the Examples, the distance (D) between the electrodes 
2, 3 is determined, as shown in Table 3. 

[0068) Plasma made up of plural streamers was generated by supplying a mixture gas of 2 liter/min of helium, 10 
litcr/min of argon, and 0.4 liter/min of oxygen as the streamer generation gas into the tubular vessel under atmospheric 
pressure, and applying an AC voltage (frequency: 13.56 MHz, applied electric power: 600 W) to the discharge space 
30 7. The object 8 was treated with the plasma having a curtain-like shape injected from the plasma outlet 12. In these 
Examples, to make the streamers uniform, and the tubular vessel 1 having the slit width of 1 mm and an aperture area 
(16 mm 2 ) smaller than the cross-sectional area (56 mm 2 ) immediately below the gas inlet of the tubular vessel, was 
used as the plasma uniform means. 

[0069] As understood from Table 3, in Example 6 (d = 5 mm), large amounts of streamers were uniformly generated 
35 in the lateral direction in the discharge space 7. In addition, variations in etching depth were remarkably reduced. 
Therefore, it was confirmed that the etching treatment can be performed with a high degree of reliability. In Example 
7 (d = 1 mm), spark discharge often occurred outside of the tubular vessel and between the electrodes 2, 3 at the time 
of starting the generation of streamers. On the other hand, in Example 8 (d = 20 mm), there was a case that the 
streamers are difficult to generate. 

40 

Table 3 





Distance between Electrodes 


Mean value of etching depth (A) 


Discharge State 


Example 6 


5 mm 


450 


Streamer generation amounts : 
Large Uniformity of Plasma : 
Good 


Example 7 


1 mm 




The plasma is a mixture of plural 
streamers and glow discharge. 
Uniformity of Plasma: Good 


Example 8 


20 mm 




Stability of discharge: Low 



EXAMPLES g to 11 



55 [0070] A plasma treatment apparatus used in these Examples is substantially same as the apparatus used in Example 
1 otherthan that the slit width, slit length and the height of the tubular vessel 1 is 1 mm, 56 mm, and 80 mm, respectively. 
[0071] Plasma made up of plural streamers was generated by supplying a mixture gas of helium, argon, and oxygen 
as the streamer generation gas into the tubular vessel under atmospheric pressure, and applying an AC voltage 
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(frequency : 13.56 MHz : applied electric power: 700 W) to the discharge space 7. The supply amounts of helium, argon, 
and oxygen in each of Examples 9 to 11 are shown in Table 4. The object 8 was treated with the plasma having a 
curtain-like shape injected from the plasma outlet 12. In these Examples, to make the streamers uniform, the streamer 
generation gas is supplied into the tubular vessel such that a flow of the streamer generation gas in the tubular vessel 

5 has Reynolds number of 1700 or more under non-discharge condition (Examples 10 and 11), and the tubular vessel 
1 having the slit width of 1 mm (Examples 9 to 11) was used as the plasma uniform means. 
[0072] With respect to Examples 9 to 11 , in addition to the mean value of etching depth, a range (%) of variation in 
etching depth was determined by calculating a difference between the maximum and minimum etching depths, and 
dividing the difference by the mean value of etching depth. Moreover, the Reynolds number (Re) is calculated by the 

10 equation (1). These results are shown in Table. 4. 

[0073] Table 4 shows that the range of variation in etching depth becomes narrower as the Reynolds number in- 
creases. In addition, there is a tendency that the etching speed increases in proportion to the total flow amount of the 
plasma-generation gas. The discharge state of the plasma of Example 11 , which has the large Reynolds number of 
more than 1700 obtained by controlling the flow amount and the composition of the streamer generation gas, shows 

J 5 that larger amounts of the streamers are uniformly generated in the lateral direction of the tubular vessel, as shown in 
FIGS. 22A to 22J. On the other hand, in Example 9, though the uniformity of plasma was relatively good, the generation 
amounts of the streamers reduced. It is thought that a considerable decrease in etching depth is caused by the reduction 
in the generation amounts of the streamers. 

20 



Table 4 





He flow 


Arflow 


0 2 flow 


Reynolds 




amount 


amount 


amount 


number 




(SLM) 


(SLM) 


CSCCM) 




Example 9 


2.5 


0.5 


100 


1000 


Example 10 


0.5 


2.5 


100 


3100 


Example 11 


2.0 


10.0 


400 


12500 





Mean value of 
etching depth 

(A) 


Variations 

(%) 


Discharge state: 

(1 )Streamer generation amount 

(2)Uniformity of plasma 


Example 9 


40 


48 


(1) Small (2) Good 


Example 10 


150 


26 


(1) Large (2) Good 


Example 11 


520 


15 


(1 ) Very large (2) Very Good 



EXAMPLES 12 to 14 

45 [0074J A plasma treatment apparatus used in these Examples is substantially same as the apparatus used in Example 
1 other than that the slit width, slit length and height of the tubular vessel 1 are a value listed in Table 5, 30 mm, and 
80 mm, respectively, and the aperture width and length of the gas inlet 10 of the tubular vessel are the same value of 
the slit width and 8.5 mm, respectively. 

[0075] Plasma made up of plural streamers was generated by supplying a mixture gas of 1 liter/min of helium, 5 liter/ 
so min of argon, and 0.2 liter/min of oxygen as the streamer generation gas into the tubular vessel under atmospheric 
pressure, and applying an AC voltage (frequency: 13.56 MHz, applied electric power: 700 W) to the discharge space 
7. The object 8 was treated with the plasma having a curtain-like shap injected from the plasma outlet 12. In these 
Examples, to make the streamers uniform, the tubular vessel 1 having the slit width of 1 mm (Exampl 13) and the 
gas inlet 10, which has an apertur ar a (Example 12:4.25 mm 2 , Example 13: 8.5 mm 2 , Example 14: 59.5 mm 2 ) smaller 
55 than the cross-sectional area (Example 12: 15 mm 2 , Example 13: 30 mm 2 , Example 14: 210 mm 2 ) immediately below 
the gas inlet of the tubular vessel, was used as the plasma uniform means. 

[0076] After the plasma treatment, the mean value of etching depth and a rang (%) of variation in etching depth 
were determined. The range of variation was obtained by calculating a difference between the maximum and minimum 
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etching depths, and dividing the difference by the mean value of etching depth. These results are shown in Table. 5. 



Table 5 





Slit 
width 


Mean value of etching depth (A) 


Variation 
(%) 


Discharge state: 

(1) Streamer generation amount 

(9\ Uniformity of Dlasma 


Example 12 


0.5 mm 


210 


15 


(1) Extremely Large 

(2) Extremely Good 


Example 13 


1 mm 


550 


16 


(1) Very large (2) Very Good 


Example 14 


7 mm 


20 


35 


(1) Large (2) Good 


*1 : Extremely Large > Very Large > Large 
*2: Extremely Good > Very Good > Good 



15 

[0077] As shown in Table 5, in Example 12, the uniformity of treatment was extremely good, but the mean value of 
the etching depth is a half of the value of Example 13. On the other hand, in Example 14, due to the large slit width, a 
sufficient flow velocity of the streamer generation gas could not be achieved at the gas inlet of the tubular vessel by 
the gas supply amounts of this Example. As a consequence, since vortex flows of the gas were not sufficiently supplied 
20 downstream, the generation amounts of streamers decreased as compared with the cases of Examples 15 and 16. In 
addition, a reduction in the electric-power density (= applied electric power / unit volume of discharge space; W/cm 3 ) 
resulted in a decrease in the mean value of etching depth. 

EXAMPLES 15 to 17 

25 

[0078] A plasma treatment apparatus used in these Examples is substantially same as the apparatus used in Example 
1 other than that the slit width, slit length and height of the tubular vessel 1 are 1 mm, 56 mm, and 80 mm, respectively, 
and the aperture length of the gas inlet 10 is a value listed in Table 6. 

[0079] Plasma made up of plural streamers was generated by supplying a mixture gas of 3.39 liter/min of helium, 
30 0.48 liter/min of argon, and 0.43 liter/min of oxygen as the streamer generation gas into the tubular vessel under 
atmospheric pressure, and applying an AC voltage (frequency: 13.56 MHz, applied electric power: 700 W) to the dis- 
charge space 7. The object 8 was treated with the plasma having a curtain-like shape injected from the plasma outlet 12. 
[0080] With respect to Examples In these Examples, to make the streamers uniform, the streamer generation gas 
is supplied into the tubular vessel such that a flow of the streamer generation gas in the tubular vessel has Reynolds 
35 number of 1 700 or more under non-discharge condition (Examples 1 6 and 1 7), and the tubular vessel 1 having the slit 
width of 1 mm (Examples 15 to 17) and the gas inlet 10, which has an aperture area (Example 16: 16 mm 2 , Example 
1 7: 8 mm 2 ) smaller than the cross-sectional area (56 mm 2 ) immediately below the gas inlet of the tubular vessel, was 
used as the plasma uniform means. 

[0081] After the plasma treatment, the mean value of etching depth and a range (%) of variation in etching depth 
40 were determined. The range of variation was obtained by calculating a difference between the maximum and minimum 
etching depths, and dividing the difference by the mean value of etching depth. These results are shown in Table. 6. 



Table 6 



45 




Aperture width of gas 
inlet 


Mean value of etching 
depth (A) 


Variations 
(%) 


Discharge state: 

(1) Streamer generation 
amount 

(2) Uniformity of plasma 


50 


Example 15 


56 mm 


90 


48 


(1) Small 

(2) Lower than Example 
17 




Example 16 


16 mm 


100 


21 


(1) Very large (2) Very 
Good 


55 


Example 1 7 


8 mm 


95 


38 


(1) Very large 

(2) Lower than Example 
16 



17 

• 
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[0082] As shown in Table 6, the plasma treatment of Examples 15 resulted in larger variations in etching depth than 
the plasma treatment of Example 17. In Example 15, the aperture area (56 mm 2 ) of the gas inlet 10 is the same as 
the area of the plasma outlet 12. Under the conditions of the gas flow amount and the gas composition of this Example, 
the Reynolds number is 1093, which is less than 1700 that is the Reynolds number required to provide sufficient 
5 amounts of the turbulence constituents. On the other hand, the plasma treatment of Examples 17 resulted in larger 
variations in etching depth than the plasma treatment of Example 16. In this case, since the aperture area of the gas 
inlet 1 0 is smaller than the aperture area of Example 1 6, the flow velocity of the streamer generation gas supplied into 
the center of the discharge space became too fast. As a consequence, the stability of discharge state in the center of 
the discharge space lowered. 

10 

EXAMPLES 18 

[0083] In Example 1 8, the plasma treatment apparatus of FIG 7 having the header 50 shown in FIG. 1 8 was used. 
The tubular vessel 1 is of a rectangular shape and made of quartz glass of 1 mm thickness. Slit width, slit length and 

is height of the tubular vessel 1 are 1 mm, 56 mm, and 80 mm, respectively. A distance between the pair of electrodes 
2, 3 is 5 mm. In this Example, a turbulence generating member 6 having a shape of triangular prism is used as the 
plasma uniform means. The base plane of the triangular prism is of an isosceles triangle having dimensions of 20 mm 
(base) and 15 mm (height). The turbulence generating member 6 was disposed directly below the gas inlet in the 
tubular vessel 1 such that a distance between the gas inlet and a vertex of the turbulence generating member 6 is 5 

20 mm and the base planes of the turbulence generating member 8 extend parallel to the front and rear walls 13, 14 of 
the tubular vessel. The other components of this plasma treatment apparatus are substantially the same as the appa- 
ratus of Example 1 . 

[0084] Plasma made up of plural streamers was generated by supplying a mixture gas of 3.39 liter/min of helium, 
0.48 litcr/min of argon, and 0.43 liter/min of oxygen as the streamer generation gas into the tubular vessel under 
2s atmospheric pressure, and applying an AC voltage (frequency : 13.56 MHz, applied electric power: 700 W) to the 
discharge space 7. The object 8 was treated with the plasma having a curtain-like shape injected from the plasma 
outlet 12. In these Examples, the tubular vessel 1 having the slit width of 1 mm and the turbulence generating member 
6 was used as the plasma uniform means. 

[0085] After the plasma treatment, the mean value of etching depth and a range (%) of variation in etching depth 
3Q were determined. The range of variation was obtained by calculating a difference between the maximum and minimum 
etching depths, and dividing the difference by the mean value of etching depth. Results are shown in Table. 6, with the 
results of Example 15. 



Table 7 





Mean value of etching depth (A) 


Variations 

(%) 


Discharge state: 

(1) Streamer generation amount 

(2) Uniformity of plasma 


Example 18 


110 


16 


(1 ) Very large (2) Very Good 


Example 15 


90 


48 


(1) Small 

(2) Much lower than Example 18 



[0086] As shown in Table 7, when using the plasma treatment apparatus having the turbulence generating member, 
large amounts of streamers were generated in the tubular vessel and the generated streamers were uniformly distrib- 
uted in the lateral direction of the tubular vessel. Therefore, the surface treatment of Example 18 resulted in smaller 
variations in etching depth than the surface treatment of Example 15, in which the Reynolds number is 1 093. 

EXAMPLES 19 to 25 

[0087] In Example 1 9 : a plasma treatment apparatus of FIG. 3 was used, which is substantially same as the apparatus 
used in Example 1 other than that the slit width, slit length and height of the tubular vessel 1 are 1 mm, 56 mm, and 
80 mm, respectively, and the aperture width and length of the gas inlet 1 0 of the tubular v ssel are 1 mm and 1 6 mm, 
respectively. 

[0088] In Example 20, a plasma treatment apparatus of FIG. 17A was used, which is substantially same as the 
apparatus used in Example 1 other than the following features. The slit I nglh and height of the tubular vessel 1 are 
56 mm and 80 mm, respectively. This apparatus has the treatment-effect uniform means (g). That is, the tubular vessel 
is formed with a pair of front and rear walls 13, 14 having a curved surface and a pair of side walls 15 having a flat 
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surface such that a laterally elongated cross section thereof has width, which is wider towards lateral opposite ends 
than at the center thereof. A center width of the cross section of the tubular vessel is 1 mm. A difference between the 
center width (S wc ) and an end width (S WE ) of the cross section is 45 jim. The aperture width and length of the gas 
inlet 10 of the tubular vessel are 1 mm and 16 mm, r spectively. 

5 [0089] In Example 21 , a plasma treatment apparatus used of FIG. 16 was used, which is substantially same as the 
apparatus used in Example 1 other than the following features, The slit width, first slit length at the side of the gas inlet 
10, second slit length at the side of the plasma outlet 12, and height of the tubular vessel 1 are 1mm, 85 mm, 56 mm 
and 80 mm, respectively. This apparatus has the treatment-effect uniform means (f). That is, the tubular vessel is 
formed with a pair of front and rear walls 13, 14 of an isosceles-trapezoid shape and a pair of side walls 15 of a 

10 rectangular shape, such that a cross-sectional area perpendicular to the axial direction of the tubular vessel gradually 
decreases towards the plasma outlet 12. An angle 6 defined between the axial direction of the tubular vessel and the 
side wall 15 is 1 0. 3 degrees. The aperture width and length of the gas inlet 10 of the tubular vessel are 1 mm and 24 
mm, respectively. 

[0090] In Example 22, a plasma treatment apparatus used of FIG. 11 was used, which is substantially same as the 
i5 apparatus used in Example 1 other than the following features. The slit width, slit length, and the height of the tubular 
vessel 1 are 1 mm, 56 mm and 80 mm, respectively. This apparatus has the treatment-effect uniform means (b). That 
is, the tubular vessel has two gas inlets 10 each having the aperture width of 1 mm and the aperture length of 8 mm, 
which are disposed to be symmetric with respect to the center axis of the tubular vessel. 

[0091] In Example 23 : a plasma treatment apparatus of FIG. 9 was used, which is substantially same as the apparatus 

20 used in Example 1 other than the following features. The slit width and the slit length of the tubular vessel 1 are 1 mm 
and 56 mm, respectively. This apparatus has the treatment-effect uniform means (a). That is, the tubular vessel is 
formed such that the height of the tubular vessel 1 gradually increases towards the lateral opposite ends from the 
center of the laterally elongated cross section of the plasma outlet 12, as shown in FIG. 9. The heights (H E ) and (H c ) 
of the tubular vessel are 90 mm and 80 mm, respectively. The aperture width and length of the gas inlet 10 of the 

25 tubular vessel are 1 mm and 16 mm, respectively. 

[0092] In Example 24, a plasma treatment apparatus of FIG. 14 was used, which is substantially same as the appa- 
ratus used in Example 1 other than the following features. The slit width, slit length , and the height of the tubular vessel 
1 are 1 mm, 56 mm and 80 mm, respectively. This apparatus has the treatment-effect uniform means (d). That is, the 
tubular vessel has a pair of surface-roughened regions 1 6 each having a horizontal width of 1 0 mm on the inner surfaces 

30 of the front and rear walls, each of which extends from directly below the gas inlet 10 to directly above the plasma 
outlet 12 by a vertical distance. An average surface roughness of the surface-roughened region 16 is about 10 um 
The aperture width and length of the gas inlet 10 of the tubular vessel are 1 mm and 1 6 mm, respectively. 
[0093] In Example 25 : a plasma treatment apparatus of FIG. 7 was used, which is substantially same as the apparatus 
used in Example 18. The plasma uniform means of this apparatus works as the treatment-effect uniform means. 

35 [0094] With respect to each of Examples 1 9 to 25, plasma made up of plural streamers was generated by supplying 
a mixture gas of 1 .4 liter/min of helium, 7 liter/min of argon, and 0. 28 liter/min of oxygen as the streamer generation 
gas into the tubular vessel under atmospheric pressure, and applying an AC voltage (frequency : 13.56 MHz, applied 
electric power: 700 W) to the discharge space 7. The object 8 was treated with the plasma having a curtain-like shape 
injected from the plasma outlet 12. To make the streamers uniform, in Examples 19 to 23, the tubular vessel having 

40 the slit width of 1 mm and the gas inlet 10, which has an aperture area smaller than a cross-sectional area immediately 
below the gas inlet of the tubular vessel, was used as the plasma uniform means. In Example 24, in addition to the 
features of the tubular vessel used in Example 19, since the tubular vessel 1 has the surface-roughened regions, the 
flow of the streamer generation gas havingthe Reynolds numberof 9370 (> 1700) was obtained by the above-described 
supply amount of the streamer generation gas. In Example 25, the tubular vessel 1 having the turbulence generating 

is member 6 disposed therein, and the slit width of 1 mm was used. 

[0095] As an object to be treated, an epoxy-resin molded article having a convex cross section, as shown in FIG. 
24, The plasma treatment was successively performed by transferring the object in its axial direction at the speed of 
1 00 mm/sec under the condition that a distance between the plasma outlet and the object is 5 mm. As evaluations, a 
contact angle of water on the treated surface of the object was measured. That is, the measurement of the contact 

50 angle was performed at plural positions on each of three lines A, B and C defined on the object 8, as shown in FIG. 
24, to calculate the mean value of contact angle. Results are shown in Table 8. The mean values of contact angle 
measured on the lines A, B and C prior to the plasma treatment were 93 degrees (A), 95 degrees (B) and 1 00 degrees 
(C), respectively. 

55 



19 
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Table 8 



w 



15 





Contact angle on obj ct (degrees) 


Line A 


LineB 


LineC 


Before plasma treatment 


93 


95 


100 


Example 19 


43 


19 


40 


Example 20 


22 


18 


19 


Example 21 


16 


17 


15 


Example 22 


13 


22 


17 


Example 23 


18 


18 


14 


Example 24 


15 


12 


11 


Example 25 


21 


18 


17 



[0096] As shown in Table 8, the surface treatment performed by use of the apparatus of Example 19 not having the 
treatment-effect uniform means resulted in a difference between the contact angles measured on the line B and on 
the contact angles measured on the lines A, C. On the other hand, in each of the surface treatments of Examples 20 
to 25 since the plasma treatment apparatus has the treatment-effect uniform means, The range of variation in contact 
angle of water measured on the lines A to C was narrow. These result shows that it is preferred that the plasma treatment 
rtppriratus has the treatment-effect uniform means in the case of performing the plasma treatment to the object having 
a protection shown in FIG. 24. 

tXAMPLtS 26 to 31 



jo 



35 



40 



45 



(0097] In Examples 26 and 29, a plasma treatment apparatus of FIG. 3 was used, which is substantially same as 
the rtpprirrttus used in Examples 2 to 5. In Examples 27 and 30, a plasma treatment apparatus of FIG. 17A was used, 
which is substantially same as the apparatus used in Example 20. In Examples 28 and 31 , a plasma treatment apparatus 
of FIG 16 was used, which is substantially same as the apparatus used in Example 21. 

[0098] With respect to each of Examples 26 to 31 , plasma made up of plural streamers was generated by supplying 
« mixture gas of 1 liter/min of helium, 5 liter/min of argon, and 0. 2 liter/min of oxygen as the streamer generation gas 
into the tubular vessel under atmospheric pressure, and applying an AC voltage (frequency : 1 3.56 MHz, applied electric 
power 700 W) to the discharge space 7. The object 8 was treated with the plasma having a curtain-like shape injected 
from the plasma outlet 12. To make the streamers uniform, in these Examples 26 to 31, the tubular vessel 1 having 
the slit width of 1 mm and the gas inlet 10, which has an aperture area smaller than the cross-sectional area immediately 
below the gas inlet of the tubular vessel, was used as the plasma uniform means. 

[0099] As an object, a polyimide film having a flat surface to be treated and a width of 55 mm, as shown in FIG. 25. 
The plasma treatment was successively performed by transferring the object in its axial direction at the speed of 30 
mm/sec in a reel-to-reel manner. The distance (irradiation distance) between the plasma outlet 12 and the object 8 is 
2 mm in Examples 26 to 28, and 10 mm in Examples 29 to 31 . 

[0100] After the plasma treatment, a contact angle of water on the treated surface of the object was measured. That 
is. the measurement of the contact angle was performed at plural positions on each of three lines A, B and C defined 
on the object 8. as shown in FIG. 25, to calculate the mean value of contact angle. Results are shown in Table 9. The 
mean values of contact angle measured on the lines A, B and C prior to the plasma treatment were 37 degrees (A), 
40 degrees (B) and 38 degrees (C) t respectively. 
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Table 9 





Irradiation distance 


Contact angle on object (degrees) 


Deformation of film by irradiation heat 


Line A 


Line B 


LineC 


Example 26 


2 mm 


8 


9 


11 


slightly occurred 


Example 27 


12 


10 


9 


slightly occurred 


Example 28 


7 


10 


11 


slightly occurred 
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Table 9 (continued) 





Irradiation distance 


Contact angle on object (degrees) 


Deformation of film by irradiation heat 


Line A 


LineB 


LineC 


Exampl 29 


10 mm 


18 


12 


20 


none 


Example 30 


11 


12 


11 


none 


Example 31 


10 


12 


11 


none 



[0101] As shown in Table 9, in Example 26, variations in contact angle of water on the lines A to C were minimized, 
but a slight deformation of the film was observed due to a thermal damage caused by the small irradiation distance (= 
2 mm). On the other hand, in Example 29, since the tubular vessel does not have the treatment- effect uniform means, 
and the irradiation distance is 1 0 mm , a relatively wide range of the variation of the contact angle of water was exhibited. 
In Examples, 27, 28, 30 and 31 , since the tubular vessel has the treatment-effect uniform means, a narrow range of 
the variation of the contact angle of water was achieved even when the irradiation distance is 10 mm. In particular, in 
Examples 30 and 31, the variation was minimized without the occurrence of deformation of the film. Thus, it was 
confirmed that the use of the tubular vessel having the treatment -effect uniform means is effective to uniformly carry 
out the plasma treatment on the object. 

EXAMPLE 32 

[0102] In this Example, a plasma treatment apparatus of FIG. 3 was used, which is substantially same as the appa- 
ratus used in Examples 2 to 5. 

[0103] Plasma made up of plural streamers was generated by supplying a mixture gas of 2 liter/min of helium, 10 
liter/minof argon, andO. 4 liter/min of oxygen as the streamer generation gas into the tubular vessel under atmospheric 
pressure, and applying an AC voltage (frequency : 13.56 MHz, applied electric power: 700 W) to the discharge space 
7. The object 8 was treated with the plasma having a curtain-like shape injected from the plasma outlet 12. To make 
the streamers uniform, the tubular vessel having the slit width of 1 mm and the gas inlet 10, which has an aperture 
area (1 6 mm 2 ) smaller than the cross-sectional area (56 mm 2 ) immediately below the gas inlet of the tubular vessel, 
was used as the plasma uniform means. 

[0104] As an object, a circuit board having bonding pads, which was produced by screen-printing a palladium con- 
taining silver paste on an alumina substrate, and degreasing, sintering the printed substrate, was used. The plasma 
treatment was successively peiiormed by transferring the object in a direction of 45 degrees relative to the lateral 
direction of the laterally elongated cross section of the tubular vessel at the speed of 5 mm/sec under a condition that 
a distance (irradiation distance) between the plasma outlet 12 and the object 8 is 5 mm. 

[0105] After the plasma treatment, the bonding portions were analyzed by XPS. Peaks of silver oxide were observed 
before the plasma treatment. However, those peaks disappeared after the plasma treatment. This indicates that the 
silver oxide was reduced by the plasma treatment. 

EXAMPLES 33 to 35 

[0106] In Examples 33 and 34, a plasma treatment apparatus of FIG. 3 was used, which is substantially same as 
the apparatus used in Examples 2 to 5. In Example 35, a plasma treatment apparatus of FIG. 16 was used, which is 
substantially same as the apparatus used in Example 21. 

[0107] With respect to Examples 33 to 35, plasma made up of plural streamers was generated by supplying 1 2 liter/ 
mm of a rare gas listed in Table 10, and 0.4 liter/min of oxygen as the streamer generation gas into the tubular vessel 
under atmospheric pressure, and applying an AC voltage (frequency : 13.56 MHz, applied electric power: 700 W) to 
the discharge space 7. The object 8 was treated with the plasma having a curtain-like shape injected from the plasma 
outlet 12. To make the streamers uniform, the tubular vessel having the slit width of 1 mm and the gas inlet 10, which 
has an aperture area smaller than the plasma outlet 12 was used as the plasma uniform means. 
[0108] As an object having electrical conductivity, a copper plate was used. The plasma treatment was successively 
performed by transferring the object in a horizontal direction at the speed of 10 mm/sec under the condition that the 
distance (irradiation distance) between the plasma outlet 12 and the object 8 is 3 mm. During the plasma treatment, 
the presence or absence of arc discharge was observed. Results are shown in Table 10. 
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Table 10 





He /Rare Gas (%) 


Arc Discharg 


Example 33 


0 


Occurred 


Example 34 


5 


Not occurred 


Example 35 


0 


Not occurred 



[0109] As shown in Table 10, in Example 33, since the streamer generation gas does not contain helium, the occur- 
rence of arc discharge was observed between the object and plasma injected from the plasma outlet. On the other 
hand, though the streamer generation gas not containing helium was used in Example 35, no arc discharge occurred. 
This indicates that the treatment-effect uniform means of Example 35 exhibits an effect of preventing the arc discharge. 

EXAMPLE 36 

[0110] In this Example, a plasma treatment apparatus having a plasma ignition means was used, as shown in FIG. 
20. The slit width, slit length and height of the tubular vessel 1 is 1 mm, 56 mm, and 80 mm, respectively, and the 
aperture width and length of the gas inlet 10 of the tubular vessel are 1 mm and 16 mm, respectively. In addition, an 
impedance matching device 80 was disposed between the power source 4 and the electrodes 2, 3. Moreover, a dis- 
charge lamp for emitting ultraviolet light such as a bactericidal lamp was used as the plasma ignition means, which is 
disposed in parallel to a side of the electrode 3. The other components are the same as Example 1 . 
[0111] Plasma made up of plural streamers was generated by supplying 2 liter/min of helium, 10 liter/min of argon, 
and 0. 4 liter/min of oxygen as the streamer generation gas into the tubular vessel under atmospheric pressure, and 
applying an AC voltage (frequency : 13.56 MHz : applied electric power: 400 W) to the discharge space 7. The object 
8 was treated with the plasma having a curtain-like shape injected from the plasma outlet 12. To make the streamers 
uniform, the tubular vessel having the slit width of 1 mm and the gas inlet 10, which has an aperture area smaller than 
the plasma outlet 12, was used as the plasma uniform means. 

[01 1 2] When light of the discharge lamp 70 was emitted to the discharge space 7, the discharge can be started by 
applying 3 kV to the discharge space 7 by the power source 4. On the other hand, when the bactericidal lamp 70 was 
not used, a high voltage of 5 kV or more had to be applied to the discharge space to start the generation of discharge. 
These results show that the use of the plasma ignition means is effective to remarkably decrease the voltage to be 
applied to the discharge space. That is, by irradiating ultraviolet light of the bactericidal lamp 70 to the discharge space 
7 under the condition that the AC or pulse voltage is applied to the electrodes 2, 3 by use of the power source 4, it is 
possible to increase amounts of electrons in the discharge space. As a consequence, spark discharge can be easily 
generated in the discharge space. The generation of spark discharge induces the ignition of streamers. 

EXAMPLE 37 

[0113] In this Example, a plasma treatment apparatus of FIG. 16 was used, which is substantially same as the 
apparatus used in Examples 21 . 

[0114] Plasma made up of plural streamers was generated by supplying 2 liter/min of helium, 10 liter/min of argon, 
and 0. 4 liter/min of oxygen as the streamer generation gas into the tubular vessel under atmospheric pressure, and 
applying a pulse voltage described below to the discharge space 7. The object 8 was treated with the plasma having 
a curtain-like shape injected from the plasma outlet 12. To make the streamers uniform, the streamer generation gas 
was supplied into the tubular vessel such that a flow velocity of the streamer generation gas in the axial direction of 
the tubular vessel is 5 m/sec or more, and the tubular vessel having the slit width of 1 mm and the gas inlet 10, which 
has an aperture area (24 mm 2 ) smaller than a cross-sectional area (85 mm 2 ) immediately below the gas inlet of the 
tubular vessel, was used as the plasma uniform means. 

[0115] A waveform of the applied pulse voltage is shown In FIG. 26. The frequency (f r ) and period (T) of the pulse 
voltage are 120 kHz and 8.3 usee. In addition, the rising tim (t,), pulse width (tp) and the peak-to-peak voltage (V pp ) 
are 70 nsec, 280 nsec, and 5.5 kV, respectively. 

[0116] As the object, a silicon wafer having a negative-type resist film of 1-u.m thickness thereon was used. After the 
plasma treatment, a measurement of etching depth of the resist film was carried out. The mean value of etching depth 
was 450 A. 

[0117] As described above, the present invention has achieved success in uniformly treating the object at a high 
treatment speed with plasma made up of the plural streamers. That Is, by using the plasma treatment apparatus having 
the plasma uniform means and/or performing the plasma treatm nt method comprising the plasma uniform step of the 
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present invention, it is possible to make plural streamers generated in the tubular vessel unitorm in the lateral direction 
of the laterally elongated cross section thereof. 

[0118] Therefore, the plasma treatment apparatus and method of the present invention are useful to remove foreign 
substances such as organic substances from objects to be treated, strip resists, improve adhesion of organic films, 
5 perform surface modification, film formation, etching treatment, reduce metal oxides, or clean glass substrates for liquid 
crystal. In particular, they will be preferably used to perform surface cleaning or surface modification to electronic parts 
and semiconductor parts, which need precise connections in semiconductor manufacturing process. 



10 Claims 

1 . A plasma treatment apparatus for treating an object (8) with plasma (P) comprising: 

a tubular vessel (1) made of an electrically-insulating material and having a laterally elongated cross section, 
? 5 which has a gas inlet (10) at its one end and a plasma outlet (12) at the other end; 

a pair of electrodes (2, 3), which are arranged such that electric flux lines develop substantially in an axial 
direction of said tubular vessel when one of an AC voltage and 
a pulse voltage is applied between said electrodes; 

a gas supply for supplying a streamer generation gas into said tubular vessel though said gas inlet; 
20 a power source (4) for applying said one of the AC voltage and the pulse voltage between said electrodes to 

generate plural streamers of said gas in said tubular vessel; and 

a plasma uniform means for making the plural streamers uniform in a lateral direction of the laterally elongated 
cross section of said tubular vessel to provide said plasma from said plasma outlet. 

25 2. The plasma treatment apparatus as set forth in claim 1 , wherein said plasma uniform means is provided by said 
tubular vessel (1) formed such that an aperture area (S2) of said gas inlet is smaller than a cross-sectional area 
(S1) immediately below said gas inlet of said tubular vessel. 

3. The plasma treatment apparatus as set forth in claim 1 , wherein said plasma uniform means is a turbulence gen- 
30 erating member (6) disposed in said tubular vessel, which has a shape capable of generating a turbulence of said 

streamer generation gas in said tubular vessel. 

4. The plasma treatment apparatus as set forth in claim 1 , wherein said plasma uniform means is provided by said 
tubular vessel (1) formed such that the laterally elongated cross section of said tubular vessel has an inner width 

35 of 1 to 5 mm. 

5. The plasma treatment apparatus as set forth in claim 1 , wherein said pair of electrodes are a pair of ring-like 
electrodes (2, 3), which are arranged around said tubular vessel such that one of the ring-like electrodes is spaced 
from the other on e in the axial direction of said tubular vessel by a distance (D) of 2 mm or more and less than 20 mm . 

40 

6. The plasma treatment apparatus as set forth in claim 1 comprising a treatment-effect uniform means for facilitating 
the uniformity of plasma-treatment effects on said object. 

7. The plasma treatment apparatus as set forth in claim 6, wherein said treatment-effect uniform means is provided 
by said tubular vessel (1 ) formed such that a height (H) of said tubular vessel changes in said lateral direction of 
the laterally elongated cross section of said tubular vessel with reference to unevenness of a surface to be treated 
of said object. 

8. The plasma treatment apparatus as set forth in claim 6, wherein said treatment-effect uniform means is provided 
50 by said tubular vessel (1 ) having at least two of said gas inlet (1 0) formed such that said streamer generation gas 

injected from said plasma outlet has a flow velocity distribution determined according to unevenness of a surface 
to be treated of said object. 

9. The plasma treatment apparatus as set forth in claim 6, wherein said treatment-effect uniform means is provided 
55 by said tubular v ssel formed such that a cross-sectional area perpendicular to th axial direction of said tubular 

vessel changes in the axial direction thereof. 

10. The plasma treatment apparatus as set forth in claim 9, wherein said tubular vessel is formed with a pair of front 
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and rear walls having an isosceles-trapezoid shape and a pair of side walls. 

11 . The plasma treatment apparatus as set forth in claim 6 f wherein said treatment-effect uniform means is provided 
by said tubular vessel (1 ) having a surface-roughened region (16) formed on its inner surface such that said stream- 

5 er generation gas injected from said plasma outlet has a flow velocity distribution determined according to une- 

venness of a surface to be treated of said object. 

12. The plasma treatment apparatus as set forth in claim 6, wherein said treatment-effect uniform means is provided 
by said tubular vessel having a cross-sectional shape perpendicular to the axial direction thereof formed such that 

10 said streamer generation gas injected from said plasma outlet has a flow velocity distribution determined according 

to unevenness of a surface to be treated of said object. 

13. The plasma treatment apparatus as set forth in claim 6, wherein said tubular vessel is formed with a pair of first 
walls of an isosceles-trapezoid shape and a pair of second walls of a rectangular shape, so that a cross-sectional 

*5 area perpendicular to the axial direction of said tubular vessel gradually decreases towards said plasma outlet, 

and wherein an angle defined between the axial direction of said tubular vessel and said second wall is within a 
range of 2 to 30 degrees. 

1 4. The plasma treatment apparatus as set forth in claim 6, wherein the laterally elongated cross section of said tubular 
20 vessel has width, which is wider towards lateral opposite ends than at the center thereof, and a ratio of a center 

width (S wc ) and an end width (S WE ) is 0.8 ^ S WC /S WE <1 . 

15. The plasma treatment apparatus as set forth in claim 1 comprising a plasma ignition means (60, 70) for starting 
the generation of plural streamers in said tubular vessel. 
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16. A plasma treatment method comprising the steps of: 



supplying a streamer generation gas into a tubular vessel (1) made of an electrically-insulating material and 
having a laterally elongated cross section, which has a gas inlet (10) at its one end and a plasma outlet (12) 

30 at the other end; 

generating plural streamers under atmospheric pressure or a pressure near the atmospheric pressure in said 
tubular vessel by applying one of an AC voltage and a pulse voltage between a pair of electrodes (2, 3) arranged 
such that electric flux lines develop substantially in an axial direction of the tubular vessel; 
distributing the plural streamers uniformly in a lateral direction of the laterally elongated cross section of said 

35 tubular vessel to obtain plasma in said tubular vessel; and 

treating an object (8) with said plasma (P) provided from said plasma outlet of said tubular vessel. 

17. The plasma treatment method as set forth in claim 16, wherein said step of making the plural streamers uniform 
is performed by supplying said streamer generation gas into said tubular vessel such that a flow of said streamer 

•*o generation gas in said tubular vessel has a Reynolds number of 1700 or more under non-discharge condition. 

18. The plasma treatment method as set forth in claim 16, wherein said step of making the plural streamers uniform 
is performed by supplying said streamer generation gas into said tubular vessel such that a flow velocity of said 
streamer generation gas in the axial direction of said tubular vessel is 5 m/sec or more. 

45 

19. The plasma treatment method as set forth in claim 16, wherein said streamer generation gas contains a rare-gas. 

20. The plasma treatment method as set forth in claim 19, wherein said rare gas is argon. 

50 21. The plasma treatment method as set forth in claim 20, wherein said streamer generation gas contains 30 vol% or 
more of argon. 

22. The plasma treatment method as set forth in claim 16, wherein said streamer generation gas contains 1 vol% or 
more at an oxidative gas by oxygen conversion. 



23. The plasma treatment method as set forth in claim 16, wherein said streamer generation gas contains 1 vol% or 
more of hydrogen. 
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24. The plasma treatment method as set forth in claim 16, wherein said streamer generation gas contains 3 vol% or 
more of helium. 

25. A plasma treatment apparatus for treating an object with plasma comprising; 

5 

a tubular vessel (1) made of an electrically-insulating material and having a gas inlet (1 0) at its on end and 
a plasma outlet (12) at the other end; 
a pair of electrodes (2, 3); 

a gas supply for supplying a plasma generation gas into said tubular vessel though said gas inlet; 
'0 a power source (4) for applying one of an AC voltage and a pulse voltage between said electrodes to generate 

the plasma of said gas in said tubular vessel; and 

a treatment-effect uniform means for facilitating the uniformity of plasma-treatment effects on said object. 

26. A plasma treatment apparatus for treating an object with plasma, which is obtained by generating plural streamers 
'5 of a streamer generation gas under atmospheric pressure or a pressure near the atmospheric pressure in a tubular 

vessel, and making the plural streamers uniform in a direction perpendicular to an axial direction of said tubular 
vessel. 
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